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Approximately nine man-months of direct IDA effort were devoted to this C
task. The methodology included a survey of the technical opinions of
about 300 knowledgeable scientists and engineers, and a workshop of
about 15 members of the scientific comunity who were actively involved
In CMC technology. The purpose of these was not to establish any type
of consensus, but rather to establish up-to—date technology base and
opinion data which the authors then assessed in order to form their own
critical judgments. It should be emphasized that there are very few
ongoing DoD projects or applications for CMCs; this study, therefore ,
is almost entirely concerned with possibl e future plans.

of beneficial applications are outlined , and it appears clear
that the potential usefulness of CMCs to DoD systems is high and very
broad in scope. Al though there are a few exceptions , it does not seem
to be qu ite so clear wh ich areas of the technolo gy are l i kel y to prove
the most promising for instigating future proqrams .~~Nonetheless, theknowledge base in existence today is substantially greater than that of
just a few years ago , and the authors applied their best judgment in
attempting to formulate suggested initial projects for DoD consideration.

Two opti ons , as frameworks for possible future actions , are offered.
Option I contains what the authors consider to be the highest priority
program, at an estimated level of effort of 16 man-years the first year;
Option II contains additional somewhat lower priority but highly desir-
able projects which add up to an estimated total of about 29 man-years
the first year. Since these are all new and speculative projects (with
varying degrees of technical risk), no attempt is made to formulate the
program for the second year and beyond ; this must be influenced by the
results of the R&D. If the DoD feels that the aoplication benefits are
sufficiently desirable , the general recommendation is made that one of
these options (or some variation thereof) be adopted and implemented .
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ABSTRACT

At the reques t of the Ass istant Director for Engineering
Tec hnology, ODDR&E , IDA conducted a study of ceramic—matrix com-
posite (CMC ) technology for the purpose of’ assess ing (1) the
potential usefulness of such materials to DOD systems, (2) the
present sc ient if ic and engineering state of affairs for suc h
materials , ( 3)  whether the DOD should contemplate new projects

for such mater ials , and , if so , (~
) what should be the technical

nature and direction of such projects. Approximately nine man—
months of direct IDA effort were devoted to this task. The meth-

odology included a survey of the technical opinions of about 300
knowledgeable scientists and engineers , and a workshop of about

15 members of the scientific community who were actively involved

in CMC technology . The purpose of these was not to establish

any type of consensus , but rather to establish up-to—date tech—

nology base and opinion data which the authors then assessed in

order to form 1heir own critical judgments. It should be em-

phasized that there are very few ongoing DoD projects or appli-

cations for CMCs; this study, therefore , is almos t entirely con-
cerned with possible future plans.

Areas of beneficial applications are outlined , and it ap-

pears clear that the potential usefulness of CMCs to DoD systems

is high and very broad in scope. Although there are a few ex-
ceptions , it does not seem to be quite so clear which areas of

the technology are likely to prove the most promising for insti-

gating future programs . Nonetheless , the knowledge base in ex—

istence today is substantially greater than that of just a few

years ago , and the authors applied their best judgment in attempt—
ing to formulate suggested initial projects for DoD consideration .
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Two options , as frameworks for poss ible future act ions ,
are offered . Option I contains what the authors consider to

be the highest priority program, at an estimated level of

effort of 16 man—years the first year ; Option II contains ad-

ditional somewhat lower priority but highly des irab le projects
which add up to an estimated total of about 29 man—years the

first year. Since these are all new and speculative projects

(with varying degrees of technical risk), no attempt is made
to formulate the program for the second year and beyond ; this

must be influenced by the results of the R&D. If the DoD feels

that the application benefits are sufficiently desirable , the
general recommendation is made that one of these options (or

some variation thereof) be adopted and implemented . L
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E X E C U T I V E  SUMMAR Y

A. I N T R O D U C T I O N
At the request of the Assistant Director for Engineering

Technology , ODDR&E , IDA conducted a study of ceramic—matrix com-
posite (CMC) technology for the purpose of assessing (1) the

potential usefulness of such materials to DoD systems , (2) the
present scientific and engineering state—of—affairs for such

materials, ( 3)  whether the DoD should contemplate new projects

for such materials in its future Materials and Structures Tech-

nology Base programs , and , if so , (11) what should be the tech—
nical nature and direction of such projects. Approximately nine

man—months were devoted to this task, including IDA personnel
and consultants. Dr. H.M. Davis , coauthor of this paper , is a

consultant to IDA .

A ceramic—matrix composite is defined as a material with a
continuous homogeneous ceramic phase , reinforced with a second
(or more than one) phase, which may or may not be continuous.
The second phase(s) may be either particulate or fibrous and

P may be either ceramic or metallic. The major purpose of any

CMC is to attempt to overcome the single largest disadvantage

of ceramics , their extreme brittleness , while cont inuing to take
advantage of their excellent high—temperature properties , their

P corrosion resistance , and their hardness. In the present study,
only structural applications were considered where the component
had to withstand tensile stresses with a high reliability.



B. METHODOLOGY

The major approach to accomplish the objectives of this
study was to utilize , as much as possible , the expertise of the
entire U.S. technical ceramics community. First , a technical
survey questionnaire (Appendix C) was sent to over 300 knowl-
edgeable persons In the science and engineering of high—per-
formance ceramics. Second , ~r’ intensive workshop was attended
by 15 persons selected for their present interest and experience
In CMCs. Third , was the meeting of a five-man panel , which had
access to both the survey and the workshop , to attempt to sum-
marize the key points brought out. Also , the authors conducted
a literature search and held numerous private discussions .

It should be emphasized that the end purpose of gathering
this vast amount of technical information from such a wide source
was not to seek a COfl8~~~ f l8U8 of opinions. In fact , it is probably
next to Impossible to obtain a meaningful consensus on such a
complex subject as evidenced by the summaries of the opinions
expressed in the survey and In the workshop (Chapters III and
IV of the text). Rather , the end purpose was to obtain a rea-
sonably complete and up—to-date data base of technological
status and a broad spectrum of informed opinion from which the
authors could draw conclusions based on their assessment of the
information. Thus, the final recommendations represent the
considered judgment of’ the authors. Since it is impossible to
justify such judgments on any rigorous basis , it is recognized
that other observers might draw a somewhat different set of con-
clusions. For this reason , as much of the raw data and opinions
as feasible is included in the text .

C. FINAL ASSESSMENTS AND- RECOMMENDATIONS

The final assessments and recommendations of the study are
summarized below in the same sequence as the list of objectives
given earlier. It should be emphasized that this is not a matter
of assessing the efficacy of what the DoD is presently doing ;

-
, 
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essentially, there is no ongoing DoD program of sufficient size
to warrant a critique . Rather, then, what is being done is to
assess the future potential of CMCs, starting from practically
a zero present applications base.

1 . Potential Usefulness of CMCs to DoD Systems

a. Shor t-Term (-< 5 years ) Applications

See ker Domes. Many of the present radomes ‘are made of
slip cast fused silica which presents prob lems in both integrity
and rain erosion. There has been past work on quartz filament—

wound/silica materials which showed promise.

Reentry V e h i c l e  (RV )  Antenna Windows.  Present quartz/
p silica or boron nitride/boron nitride are marginal performers

as pointed out In an earlier IDA paper (Ref. 1). DoD work on

high—performance boron nitride fibers is almost at a standstill

and should be reinvestigated for this as well as other appli—

cations .

Concrete St ruc tures .  Iron wire—reinforced concrete Is

almost reaching a commercial stage , particularly through the
efforts of Battelle on selling their Wirerand® process. The
DoD h~s been somewhat remiss in not applying a larger effort
to Investigate the potential uses of this and similar reinforced
concrete (or cement) composites.

Armor for Kinetic -Energy Penetrators. The analytical
ability to predict how successful armor arrays should be built

is presently very limited . A systematic experimental program
to empirically outline the materials systems needed appears to

be in order . One supposes , with some confidence , that reinforced
ceramics (including laminates in this case) will have a high
priority.

Moderate ly Increased Temperature Gas Turb ines.  A mod—
erate increase of uncooled gas—turbine inlet temperatures to
2000°F (with excursions up to about 2200°F for short periods) may

xi 
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be feasible using silicon carbide fiber.~-sil1con composites.
While obviously not as exciting as temperatures of 2500°F or

more, such applications do offer the promise of increased fuel
savings and perhaps at low cost (by comparison with superalloy
materials).

Eros ion-Resistant RV Noseti p . This is a seemingly
pressing problem that has been covered in a previous IDA paper
(Ref. 1). The emphasis here is that the tantalum carbide!
graphite composite (see Appendix A , page A—l5) and the boron
carbide/graphite composite (see Appendix A , pages A-110 and A—112)
are promising enough that they should be considered strongly for
applied system efforts.

Shipboard Multifunctional Incinerator. An ongoing Navy
6.3 program , this device is having serious refractory liner 

-

problems due to the various criteria it must meet , not the least
of which is being usable on board a ship (Chapter II, Section
D—11). The Navy is presently attempting to use a thin castable
refractory lining either sprayed or (more usually) troweled in
place. It would appear feasible and advantageous to incorporate
ceramic fibers (perhaps alumina or silicon carbide , depending
on the precise matrix).

b. Long-Term (>5 year s ) App l i ca t ions

Reinforced Glass Composites. Although not yet designed
for a specific applic.ation , this type of material now appears to
have sufficient basic data to indicate a high promise and to warrant
a search for usefulness. The reader ’s attention is directed to
Appendix A , Section 6. With a density close to carbon/polyimide
(and much less than carbon/aluminum), carbon/glass has a potential
use temperature of’ over 1200°F as opposed to 700—1000°F for carbon!
aluminum . Although the present study has not looked hard at de-
tailed applications, such investigations should be made.

(t
Air-Breathing Engines. From a resources standpoint, the

bulk of present DoD ceramics R&D lies in support of the ceramic

xii.
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gas turbine , and almost all of thIs effort is concentrating on
silicon nitride and silicon carbide. Most members of the ceramic
community have expressed concern as to whether a monolithic Ce—
ramic can be successful (at least in taking full advantage of
ceramic properties) for this application. This area engendered
the largest number of suggestions where it was thought that CMCs
ought to be researched .

Diesel engine designs are well along the way to using
p ceramics for their refractoriness and thermal insulation. How—

ever, further significant advances (particularly in areas of
reduction of’ energy use) can evidently be made by making all—
ceramic hot moving parts , thus taking advantage of the higher

P ceramic strength—to—weight ratios. To do this would probably
require composites.

Preliminary designs for a closed-Brayton—cycle ship
propulsion engine (Chapter II, Section D—2) indicate that if a

ceramic heat exchanger could be built to operate for long periods
(about 10,000 hours) at 2500°F, the specific weight of the power
plant could be reduced by as much as a factor of ten. While a
stationary device , the long—term thermal stresses and oxidation
present extremely difficult problems . It may be necessary to
have the components built of oxide materials for such long—term
use. However , oxides would almost surely have to be toughened
by compositing . This is a strong argument for concentrating
some R&D effort on oxide—matrix composites , especially since it
could also apply to short use-cycle—time engines.

c. Other Ap plica tions

There are a number of other less well—definable CMC
applications. Two that should be mentioned here are ceramic
bearings (most likely silicon nitride) and ceramic gun tube
inserts (probably alumina or zirconia). Another longer term
use might be nozzles for chemical laser systems.

xiii
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2. Th e Present Technolo gy for CMCs

Our understanding of the technology of most ceramic—matrix
composite systems seems to be broadly increasing although still
incomplete. There has been work (of varying degrees of scien-
tific sophistication) on a large number of material combinations
and further exploratory work searching for new chemical com-
posite systems no longer seems justifiable . For those systems
that have been investigated , however, greater knowledge is
needed about the chemical and physical bonding characteristics
between the matrix and the reinforcement . Almost all potential
applications for CMCs involve high-temperature and a corrosive
(particularly oxidative ) environment , and often temperature
cycling . Under these conditions, chemical reactions between
the phases or with the external environment may have a dele-
terious effect on the performance of the component . In fact ,
examination of research results to date leads to the following
general conclusion.

• Metal (especially refractory metal) fiber—reinforced
ceramics are not promising for any high—temperature
application in an oxidizing atmosphere . It does not
matter whether the metal is grown in situ or not,
and all attempts to protect the wire with oxidation—
resistant coatings have failed.

For this reason, the authors have not recommended any fur—
ther long—range R&D involving metal fibers. Proponents of metal—
fiber/ceramic use point out that such composites have shown
great increases in fracture energy and toughness (which Is true)
and that dense thick surface coatings of a homogeneous ceramic
could overcome the oxidation problem . The authors are not im-
pressed with the latter argument since even one propagating sur-
face crack could cause oxidative failure.

Of the monolithic ceramic materials, silicon nitride and
silicon carbide have had perhaps the heaviest R&D attention over

xlv
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the past seven to eight years. They have very good oxidation
resistance and “toughness” and are thus the prime candidates
for air-breathing engine components and high-temperature heat
exchangers. However, they are still somewhat of a compromise;
their oxidation resistance is not as good as oxide materials
and their Inherent toughness does not approach that of metals.
Successful attempts to increase the “toughness” were made sev-
eral years ago by incorporating long silicon carbide fibers
into a silicon nitride matrix. However , the only fibers then
available were made by vapor depositing silicon carbide on a
tungsten wire ; such a fiber is limited (because of deleterious
thermal degradation) to temperatures of use below about 1500°F
and no more work has been done on this particular composite.
Recently developed silicon carbide fibers, not using a metal
substrate, give promise of removing this restriction . As far
as oxidation resistance is concerned , It should be emphasized
that the mechanisms and , particularly, the effect of long time
at high temperature are imperfectly understood for silicon car-
bide and hardly known at all for silicon nitride. The authors
are uneasy about the wide range of applications being promul-
gated for these materials without the existence of better cor-
rosion data, especially at long times. In addition , possible
“pest reaction” problems seem to be ignored .

Excellent technical results have been obtained in growing
p in situ oxide fibers and lamellae in oxide matrices by directional

solidification (DS). The scientific problems seem well In hand .
Several people, however, dismiss this technique (which is some-
what analogous to single crystal growth) as impractical since
It Is presently a long slow process. While possibly true, the
opinion of the authors is that it may well be the oniy way in
which useful fiber—reinforced oxides can be formed . Considering
the potential Importance of oxides with greatly increased
“toughness,” it would seem impractical not to focus some R&D
attention on improving the fabrication techniques.

xv
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In general, CMC processing tech’~dques form a very signifi-
cant area for research attention. The use of classic methods
for introducIng brittle fibers (e.g., by mixing with the matrix
powder and then hot—pressing ) generally may not work well enough
to ever warrant consideration as a manufacturing method; for one
thing, the fibers often break up and become almost useless. As
pointed out in the text (see, e.g., Chapter V, pages 61 and 62),
several innovative processing methods of promise are in various
stages of development for both fiber and particle composites.
The authors consider this a vital area for longer range R&D
programs.

Partially stabilized zirconla (PSZ) Is a CMC with quenched—
in metastable particles as a reinforcing phase. Introduced just
a few years ago, it has excellent toughness and abrasion resist-
ance and is becoming useful as an extrusion die in forming copper
and brass wire . It is also true that no one seems to have a very
complete explanation for just wh y it Is so tough. While not
standing in the way of application of’ PSZ, this lack of knowledge
does inhibit the search for other ceramic systems which might -ex-
hibit similar behavior . Generalizing this problem, the mechanisms
of toughening in composites are still not sufficiently clear,
despite an Impressive accumulation of knowledge . WhIle no one
would reasonably argue that the theory imx~t be complete before
applied studies are made, it does appear that increased R&D
efforts would be fruitful In understanding the basic fracture
mechanics of CMCs. Nondestructive evaluation also falls In this
category .

Several CMC systems appeared to be sufficiently advanced ,
in the demonstration of both properties and processing, that
they deserve to be discussed .

• Fiber-Reinforced Concrete or Castab le  Refractory

Most of the newer developments have been done under pri-
vate auspices and have reached a stage for one system (chopped

xvi
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iron wires in concrete) where large—scale demonstration efforts
are under way.

• Graph ite Reinforced with Carbides

The implacement of tantalum carbide fibers (formed in
situ ) in a graphite matrix appears to be at an advanced devel-
opment stage. Under security wraps, this work has been under
way In DOE facilities for many years and is believed to be a
proven on—the-shelf material. Its usefulness is for very high
temperatures in nonoxldizing environments. Particulate rein-
forcement by boron carbide in graphite is not as far along, but
looks promising for reentry vehicle use.

• Sil icon Carbide-Carbon/Silicon

There are various systems under development which have
silicon as a matrix , reinforced with silicon carbide (or silicon—
carbide—coated carbon) fibers or particles. Use temperature is
limited to not much over 2000°F, but such materials appear to
show good “toughness” characteristics with potentially inexpen-

sive fabrication techniques. Mechanical property determination
has not yet been extensive enough to warrant immediate exploi-
tation, but many of these systems are quite well developed .

• Nonmetal Fiber -Reinforced Glass

Much R&D was done on CMCs us ing glass (including fused
silica) matrices in the l950s and early l960s. There was then
a hiatus until a year or two ago. For example, filament-wound
silica fibers in a fused silica matrix was successfully devel-
oped for radome use, in about the mid—1960s, but then the tech—
nology appeared to drop from sight . Work has been done recently
on Introducing continuous fibers of carbon or silicon carbide
Into glass and subsequently forming complex structures. Both
the strength and the toughness are improved with increasing
fiber content , which appears to be a unique characteristic
among CMCs. Use temperatures up to about 1200°F In an oxidizing

xvii

L . -.

— ~~~~~~~~~~~~~~~~~~~



~~~~~---- ---- ----~~~~ ~~~~~~---~~-~~~~~~~~~~~~~--- ~— -- .-- —

atmosphere now appear feasible. Although In early stages of
development, the technological outlook seems very promising.

D. RECOMMENDATIONS FOR DoD ACTION

From the previous discussions, it would appear that the
potential usefulness of CMCs to DOD systems is high and very
broad in scope. With a few exceptions , it is not quite so
clear which areas of technology are likely to prove the most
promising for Instigating R&D programs. Option I, below, pre-
sents one suggested program involving what appears to be the 

-

smallest and most effective investment of resources. Option II
lists additional desirable projects if (or when) greater re-
sources become available. CMCs , as a whole, form a cohesive
technology with common basic problems regardless of the spe-
cific materials involved , and it is strongly recommended that
the program be organized as a single coordinated DoD effort to
permit the best use of funding .

OPTION I: SUGGESTED MINIM UM CMC PROGRAM

No attempt will be made to lay out a schedule or to delin-
eate between in—house or contract work. Since almost all proj-
ects would be new starts (even if serving the needs of an on-
going program), only the first year ’s effort is indicated . It
is understood that each project would be reviewed periodically
with the direction or funding altered as appropriate . The sug-
gested projects are listed in order of closeness to applicability
and seeming potential . Estimated resources required for the
first year, in man—years (MY), are shown for each. These esti—
mates reflect a minimum meaningful project size based on the
background experience of the authors.

1. Near-Term (<2 y ears )

1.1 Ceramic F i ber / Castab l e Refractor y . To investi gate
chopped alumina fiber in typical high alumina refractory liners
for use in newly developing Navy shipboard mult ifunctional in-.
clnerators . (3 MY)
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2. Modera te-Term (2-5 years )

2.1 Nonme ta l l i c  Con t in~ ous Fiber/Glass. To investigate

boron , carbon , and silicon carbide fibers Imbedded in various
glass matrices. An intensive applications tradeoff study is
suggested as part of this. An existing Air Force project is

about one man-year per—year—effort on alumina fibers for pos-
sible radome use. (2 MY)

2.2 Erosion-Resistant RV Noset ip . To investigate further
existing carbide/graphite composites developed by Los Alamos
and by NRL for RV nosetip application . There is a small ex—
Isting Navy contract, estimated at about one man-year per

year. (2 MY)

2.3 Ox idation Resistance of SiC and Si 3~j4. To investigate

the stated problem so that reliable projections can be made to

10,000 hours. Also , the question of short—time low—temperature

(about 900—1000°C) should be resolved . While not strictly a

CMC project , the results could have a strong impact on the
urgency of future CMC investigations . (1 MY)

3. Lon g~-Term (>5 years )

3.1 SiC and SI 3!4 Fibers/S f 3!4. To investigate the use of

the newer SiC long fibers in a SI3N~ 
matrix. In a concurrent

part of the project , investigate the in situ incorporation of
fibrous or whisker—like Si3

N~ In the same matrix. (2 MY)

3.2 Oxide _Fibers/Oxide. To investigate further in situ
directionally solidified (DS) oxide growth in oxide matrices
with special attention to improved processing techniques. This
is an important backup technology in case SIC and Si3N~ prove
impractical. (2 MY)

3.3 Sol-Ge l Techni ques for Carb ides and N i trides. To ex—

plore innovative sol-ge l methods for precipitating (or copre-

cipitating) very fine particle composites , particularly relating

to Sic and Si3
N~ , The Navy has some sol—gel in—house research. 

- 
-
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3.4 In Situ Copyr olysis of Fibrous Precursors. To explore
innovative methods whereby reinforcing fibers can be formed in
place (within the matrix) by pyrolytic techniques. The Navy
has a small in—house effort. (1 MY)

3.5 Toughenin g and Strengthenin g Concepts and NDE. To
better understand the micromechanics of CMCs and potential non-
destructive evaluation (NDE) techniques. The Navy has an in—
house effort. (2 MY)

The total estimated resource effort required for Option I

is 16 man—years for the first year.

OPTION II: SUGGESTED DESIRABLE CMC PROGRAMS

This option includes Option I and the following suggested
projects.

1. Near-Term (<2 years )

1.1 Metal Fiber/Concrete. To investigate and expand on
existing iron or steel—fiber—reinforced concrete for possible
application to castable boat hulls. (2 MY the first year)

~~~. Moderate -Term (2-5 years )

2.1 Silicon Carbide/Silicon/Carbon. To investigate the
application of existing technology of either preform SIC/Si or
molded SIC/SI/C materials for medium—temperature gas turbine
engines. (2 MY)

2.2 CMCs for Gun Barrel Liners. To investigate the various
concepts and their potential benefits whereby CMCs could be ap-
plied to the gun barrel erosion and wear problems. (1 MY the
first year)

2.3 CMCs for Ceramic Bear ing s. To investigate concepts
whereby ceramic roller and ball bearings (especially Si3

N~)
might have their life and reliability significantly increased
by the use of CMCs. (1 MY the first year)

xx
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2.4 Boron Nitride Fibers/Boron Nitride. To investigate
techniques of producing high-performance boron nitride (BN)
fibers and incorporating them into a dense BN matrix . The
first application would be RV antenna windows, but there will
be others depending on the results. (2 MY)

2.5 Alumina , Silica Fibers/Alumina , Silica. To reinvesti—
gate the fabrication of filament—wound reinforcement in a silica
or alumina matrix for erosion—resistant radome use. The fibers

could be quartz or alumina . This could be a 6.3A project.

(2 MY)

3. Long-Term (>5 iears)

3.1 CMC Fabrication Techni ques. To investigate the utility

of innovative CMC fabrication methods. This would include a
more thorough look at f lame spraying , plasma spray ing , chemical
vapor deposition , explosive forming , etc. Expertise exists in
the country for each of these method s (albeit for other uses).
(3 MY)

The supplemental estimated required resources are 13 man—
years, so that the total resources for Option II are 29 man—
years for the first year .

If the DoD decides that the military applications described
above are needed , then the recommendation is made that the DoD
consider and implement one of the two suggested options.

~~ —-~ --~~~~~~- - -- - 

xxi 

-~~~~~~~~~ ~~~~~~~~~~. -  -



— — —b--- -~~_~- — — - - - -

I .  TASK DEFINIT ION AND APPROACH

In Decem ber 1976 , the Ass istant D irector for Engineer ing
Techno logy , ODDR&E, requested IDA to conduct a study of ceramic—
matrix composite (CMC) technology for the purpose of assessing

( 1) the potent ial us efulness of suc h mater ial s to DoD systems ,
(2) the present scientific and engineering state of affairs for

suc h mater ials , ( 3 )  whether the DoD should contemplate new proj— LI
ects for such materials in its future Materials and Structures

Technology Base programs , arid. , if’ so , (~ ) what should be the
technical nature and direction of’ such projects.

Approximately nine man-months were devoted to this task ,

inc luding IDA personne l and consu ltants. The scope of the ef-
fort was limited to materials meant for structural applications

where the component had to withstand applied thermomechanical

stresses without deleterious damage . There are, of course ,
man y cases where the use fulness of the mater ial is also limited
by other than its mechanical properties. An obvious example is

the seeker dome for missile radar or Infrared acquisition and

guidance systems where the material must have the appropriate
r electromagnetic properties. Such requirements , however , form

an initial screening process for allowable materials; following

this, in order to be usefu l, one mus t be ab le t o choose and
fabricate candidate materials that will also withstand the

structural environment . It is this latter problem which is

• considered in the present paper.

It is appropriate to define what is meant by a ceramic—

matrix composite. As used herein , the term refers to a material
with a continuous homogeneous ceramic phase , reinforced with a

1
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second (or more than one) phase that may or may not be contin-

uous. The second phase(s) may be either particulate or fibrous

and may be either ceramic or metallic. Some semantic confusion

could arise , if the second phase is both metallic and continuous

(e.g., continuous metal wires), as to what constitutes the

“matrix ” and what const itu tes t he “second phase.” This question

is usually resolvable by the relative amount of the phases and
will not normally constitute a problem ; however, it may on occa-

sion, especially in the context of a “cermet .” The term, cermet
(a shorthand form of ceramic and metal), was coined sometime in

about the 19505 to denote a material combination of a ceramic

and a metal which would result in a marriage of the most de-

sirable properties of- each. Despite a great deal of R&D effort,
the concept was rarely successful and usually resulted in a com-

bination of the least desirable properties of’ each. Looking
back on this work , from a present—day vantage point , it can be
argued that the prob lem was less in the conce pt than in the un-
sophisticated approaches used to try to implement the concept .

Nonetheless , there was at least one successful cermet applica-
tion in the metal—bonded carbide cutting tool where a discon—

tinuous majority phase (e.g., tungsten carbide particles) is

bonded together by a continuou s minority phase (e.g., a cobalt
a l l oy) .  Suc h a mater ial is not , by the above defin it ion , a
ceramic—matrix composite , but it is somewhat awkward to call it

a metal-matrix composite as there is such a small amount of
metal (perhaps 5—10 volume percent). This may be a unique case
and the semantic problem will not be belabored any longer. It
only indicates that the scope of the present study is necessarily

somewhat arbitrary .

The class of carbon-carbon composites will not be considered
herein. Although falling within our definition and of signif i—
cant DoD importance , their military applications largely fall in
the areas of reentry vehicles and rocket nozzles that have been
analyzed and assessed in a previous IDA paper (Ref. 1). 

For2



similar reasons , little will be said about erosion—resistant

composites meant largely for nose tips of ballistic missile
reentry vehicles.

Because of the relatively small amount of IDA effort asso-
ciated with this task and because there is so little ongoing
DoD R&D in the ceramic-matrix composite area, the major approach
to accomplish the objectives of the study was to utilize , as
much as poss ib le , the expertise of the entire U.S. technical

ceramics community.

First , questionnaires were sent to a selected list of over

300 individuals judged to be especially experienced in the metal—

lurgy , physics , chemistry , and applications of’ high—performance
ceramics. The questionnaire specifically requested the recip-

ient ’s opinions as to applications , state of technology , and

promising lines of future endeavor . About 100 useful replies

were obtained , many of the rest responding that they had not
considered the problem enough to indicate opinions. The useful

responses represented a totality of about 1200 man—years of

technical ceramics experience and enabled a good “first cut ” at
defining the problem .

The second step was to assemble a two—day workshop of a

small number of specialists to explore ceramic—matrix composites

in greater depth. This workshop was held at IDA on 8—9 September

1977 and was attended by about 15 individuals , chosen because of
their personal involvement in ceramic—matrix composites. The

representation included government , university, and industry .

Because of the exploratory nature of the subject matter , par-
ticipants were asked not to prepare formal papers , but to intro-
duce their topic by a short talk and then lead the discussion.
In order to summarize the results of the workshop , three of’ the
attendees (plus the authors) convened a separate half—day meet—

ing in a free discussion (which was taped ) to try to summarize
the information acquired. Although better in some respects than

others, this techn ique of an intens ive workshop p lus an immed iate

1’ 
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summarization worked well. The authors, of course, still had the
job of condensing the ideas and approaches into a coherent recom-
mended DoD preliminary program plan .

One weakness , by hindsight , of the workshop methodology
used by the authors was the relative deemphasis of the materials/
systems design interaction . This was purposely done because it

was initially thought that the basic technology was sufficiently

lacking to render such an applications effort unimportant in

anything like detail. While this is still probably true for

high—temperature uses , it does not seem to be true for some
medium—temperature applications where detailed cost—benefit

analyses should be carried out in the immediate future .
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I I .  O V E R V I E W  OF TECHNOLOGY

A. CERAMIC STRUCTURAL MATERIALS

Before discussing the area of’ cOmposites , it is worthwhile

to review briefly, for the nonspecialized reader , the technology

of’ ceram ic mat er ials , in general , and where it is of interest to

DoD systems. Only structural applications are considered . More

detailed background information may be found in Ref. 2.

A ceramic is usually defined as an inorganic refractory non-

metallic material in order to delineate it from the classes of

polymeric plastics and of metal alloys , and from solid salts and

other (inherently low—temperature ) inorganic materials (such as

sulfur). While the dividing line is frequently fuzzy (for ex-
ample , graphite is the only elemental material considered to be

a ceramic , but boron and silicon , bot h inor gan ic nonme tals ,
have respectably high melting points and their classification

is certainly moot), this definition will serve for present pur-

poses.

Some of the positive properties of selected ceramics that

make them of interest for structural uses are discussed below.

1. Retention of Stren gth to High Temperatures

Most ceramics have essentially an identical yield strength

and tensile strength; unlike most metals , the yield strength

does not usually decrease very much until very high temperatures

are reached and so the ceramic will usually maintain a high
tensile strength to higher temperature than will a metal. Since
many of the interesting structural ceramics have a low density
(relative to high—temperature metal alloys), such materials often

5
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show a marked superiority to metals in the high—temperature
strength—to—weight ratio. Figure 1 illustrates this. The top
figure shows typical values for some superalloys and refractory
metal alloys (shown by trade names whose explanation is not rel-
evant here, except to say they are representative of the com-
mercially best available) while the bottom figure shows values
for a few lightweight ceramics. The strength/weight ratio
parameter is important in any structure where weight is a vital
factor and , as seen in Fig. 1, the ceramics tend to show up
better above about 800°c (l1472°F). Ceramics also usually have
a lower rate of creep (the tendency to distort with time at a
constant applied stress) than metals at any given temperature .

2. Stiffness and Hardness

Most all ceram ics have elast ic moduli which are generally
high by comparison with metals. Such st if fness is important in
enhancing the dimensional stability and resistance to buckling

of any structural member . From a dynamic stability standpoint ,

sensitivity to lower frequency modes of vibration is also re-

duced . Taken by itself , the importance of a high elast ic mod-
ulus can be great . The reader may recall that a prime justifi-

cat ion for the boron or graphite fiber—reinforced epoxy com-
posites was the high stiffness—to—weight ratio obtainable. High

hardness is a well-recognized property of’ ceramics and is exem-
plified in the widespread use of carbides and oxides for cutting
and forming tools. From a structural standpoint , a major value
of high hardness is the ability of the material to resist damage
by an erosive environment such as might occur on a missile nose
when traveling through rain.

3. Corrosion Resistance

As a general rule, ceramics can be selected (depending on
the type of environment) that are much more resistant to cor—
rosion, at high temperatures, than are metals. As an example,
oxides (almost by definition) are fairly well immune to an

j 6
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oxygen atmosphere at all useful temperatures (except, of course ,
when electronic properties are important). As a class, oxides
are susceptible to water vapor attack (e.g., beryllium oxide
begins a significant reaction , at close to 1000°C, to form a
beryllium hydroxide vapor), but some oxides (e.g., aluminum
oxide) are much better than others , and all are usually better
than metals. Refractory metal carbides (and graphite) are poor
in an oxidizing environment , but the classes of refractory metal
borides , beryllides , and silicides are good at high temperatures.
The oxidation resistance of silicon carbide and silicon nitride
is also outstanding , for materials of their type , at tempera-
tures above about 1100°C. The reader is cautioned that one

reason these classes of’ nonoxides are oxidation—resistant is

that mixed—metal oxide coatings (particularly of silicon) are

formed ; suc h coa tings are not necessar ily imperv ious , and prob-
lems can arise .

It will be noted tha t the ver y refractoriness , itself , of
the ceramics is not specifically mentioned as an attribute.

The highest temperature solid known is a mixture of hafnium

carbide and tantalum carbide with an estimated melting point

of around ‘4200°c (7600°F). Yet such a material cannot normally

be used anywhere near this temperature for most applications
(poor oxidation resistance is one reason). The mere existence
of’ a material in the solid state (although obviously necessary)
is not a sufficient reason for it to have a useful application .
As a mat ter of fact , aside from certain transient cases such
as rocket nozzles and reentry vehicles , it is difficult to
think of DoD applications where such super—high-temperature

materials would be necessary .

Two of the negative aspect of ceramics that have impeded
their more general structural use are given below .

1 . Brittleness. Perhaps better defined as lack of tough— H
ness , this property is common to all ceramics. It is the in—
herent other—side—of-the—coin of the high—yield strength and

8
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creep resistance. The strong, highly directional interatomic

bonding and the complex crystal structure of ceramics simply do
not permit enough of the short—time lattice plastic flow needed

to blunt and stop crack growth under stress from being cata—
strophic. There is , of course , some resistance to crack prop—
agat ion , one factor of which is frequently called fracture
surface energy (t his is someth ing of a misnomer , but it is in
c ommon use to descr ibe a parame ter which includes the crack
surface energy). An overall parameter frequently used to des-

cribe the ten dency of a crack to increase in length under a
given stress is called the stress intensity factor (usually

labelled Kic) which is proportional to v’~~ where E is the

elast ic modulus and y is the f racture  surface energy referred
F to above . The larger K10 is , the better  from a tou ghness stand-

point. The K10 of even the best (i.e., toughest ) ceramic
suitable for structural use is a factor of’ two or three lower

than that of a br itt le metal al loy . The value for typical
refractory oxide would be a factor of ten lower. As a rule,
all structural materials have built—in cracks and flaws, due

to the fabrication process .  For a given applied tens ile stress
(whether mechanical or thermal), it can be shown that the crit-
ical crack length (i.e., a crack which , if any longer , would
propagate through the material and cause fracture) is propor-
tional to the square of K10. It follows that for a structural

component designed to withstand a given stress , cracks in a

ceramic of the order of 10 to 100 t imes smal ler than those in
a metal must be detected by nondestructive testing before the

component can be judged as safe to use. In absolute terms, this
can mean that flaws of the order of 10 microns in size must be
detected and classified , which is a difficult task for the

existing technology of nondestructive evaluation . In addition ,

there Is the problem that subcritical crack sizes can still
grow under the proper conditions of thermal or mechanical

cycling. This phenomenon is somewhat similar to fatigue in

metals, although it is not completely understood.
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In general , it can be stated that the difficulties of
designing with inherently brittle materials is the most critical

barrier to taking advantage of the otherwise desirable proper—

ties of ceramics.

2. Fabrication and Quality Control. With the exception
of glassy materials , most ceramics are formed by mixing the
powder (usually with a binder), pressing or extruding, cal—
cining (which eliminates the binder) and finally firing at a
high temperature suc h that the part icles sinter together to make
a monol ithic body . Fre quently , sinteririg aids (in the form of

deliberate impurities) are added to the powder to obtain high

densities. Another way of aiding the sintering is to start

with very fine powders . Unless the chemical composition is

such that a colloid—gel can be used , th is usually means mec h-
anical milling of the powder before mixing and pressing . Thus,

it can be seen that there are difficult problems in maintaining

uniform ity ,  poros it y ,  micros tructure , and purity in a typical
fa bricat ion fac ility . As ide from th is, unless t he processor
chemically forms his own powder star ting mater ial , there is
the problem of determining purity of the vendor ’s powders .

While this acceptance analysis can be , and usually is, done
rou tinely for cation (meta llic)  impur ities , it is not as
easily done for many anion impurities. One of the authors

has encountered a situation where two seemingly identical

batches of beryllium oxide powder produced very different
densities of the end—product under the same processing condi-
tions . The apparent culprit turned out to be a difference in
the amount of sulfate ion impurity which was not initially
ch cked. One additional problem is that a large shrinkage
occurs during firing of any ceramic formed by the above tech-
niques. This is controllable provided every other aspect of
the process (e.g., purity, temperatures , etc.) is very precisely
controlled , which normally they are not, nor probably can they
be.
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One method used to alleviate some of the difficulties,
particularly the shrinkage problem , is to press at high temp—
eratures. This is costly but can result in a dense piece
processed nearly to net shape , and the cost may be worth it.
Hot—pressing certainly does not solve all the problems , but is
probably the best technique in normal use . Nonetheless , in
any high—temperature sintering process , it is difficult to
avoid contam ination and , what may be equally important , diffi-
cult to keep impurities from agglomerating and forming unwanted

local phases. As ide from other e f fec ts, such inhomogeneit ies
would generally have a different expansion than the bulk mate—
rial, which could tend (on cooling down the specimen) to form
internal flaws . These fabr ication di f f i cu l ties have not been
particularly serious in the past , since by far the overwhelming

bulk of usage of ceramics has been for nonstructurally critical
applications . Improvement of process ing and forming techn iques
must be an integral part of any planning to use ceramics as

critical structural members .

B. TYPES OF CERAMIC STRUCTURAL APPLICATIONS

Continuing the background discussion of ceramics , it is
worthwhile to indicate briefly the types of structural appli-
cations that are presently of interest to the DoD. These are
listed below for the orientation of’ the reader and most are
considered more deeply in Section II-D and in Chapter V specif—

ically devoted to composite applications .

1. Internal combustion engines
Open—cycle gas turbine components
Diesel engine components

2. External combustion engines

Closed—Brayton—cycle heat exchangers

3. Rocket motor nozzle components

‘4. Ballistic reentry vehicle thermal protection system
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5. Electromagnetic windows
Radomes and infrared domes
Reentry vehicle antennas

6. Magnetohydrodynamic generator components
7. Rolling and sliding high—speed bearings and seals
8. Battlefield and aircraft armor
9. Inserts for gun barrels
10. Dental and orthopaedic implants
11. Roads, runways, and structures (largely concrete)
12. Shipboard incinerators

The materials criteria for some of these applications vary
depending on required conditions (engines, for example , cover
a broad range of uses). There are applications of particular
interest to other agenc ies than t he DoD, which are not included
above. Two examples are energy storage (e.g., flywheels) and
controlled—fusion power-plant components.

C. CERAMIC-MATRIX COMPOSITES TECHNOLOGY BACKGROUND

In Section A , it was pointe d out that the inherent brittle-
ness of ceramics is a major stumbling block for their use in

engineering applications where tensile stress must be accepted

and where a highly reliable structural element must be achieved.
It was also shown that , while in principle monolithic ceramic
bodies could be built to overcome this problem , the require-
ments for flaw sizes were so stringent as to make them diffi-
cult to detect , let alone to achieve in fabrication. If, then,
ceramics are to be used in such applications , it would appear
that the designer must accept a probabilistic mode of failure;
that is, even after a reasonable level of quality control , he
will only know that “this piece has a 90% chance of withstand-
ing 50,000 psi tensile stresses,” not that “this piece will
withstand 50,000 psi tensile stress.” In many cases this will (

be satisfactory , but also in many it will not. It would be 
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ness of ceramics is a major stumbling block for their use in
engineering applications where tensile stress must be accepted
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It was also shown that , while in principle monolithic ceramic
bodies could be built to overcome this problem , the require-
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ceramics are to be used in such applications , it would appear

• that the designer must accept a probabilistic mode of failure ;
that Is, even after a reasonable level of quality control, he
wiL. only know that “this piece has a 90% chance of’ withstand—
ing 50,000 psi tensile stresses,” not that “this piece will
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obviously desirable if some way could be devised to make cera-
mics more forgiving or, to put it another way , have greater
“toughness.”

The only presently known methods of doing this, approaching
or achieving practicality, is to introduce cohesive elements
or barriers to crack propagation , in the form of discrete par-
ticles or fibers, into the ceramic materials. In other words,
one can form a ceramic—matrix composite. A well—known example
is the use of steel re inforc ing bars in concrete.  Re bars
partly prevent cracks from spreading, but they also take up

tensile stresses when the concrete has cracked and allow the
rest of the concrete structure to withstand compressive loading - 

-

(for which it is well suited). Attempts to do this in more

typical ceramic bodies have met with mixed success. More often

than not , an increased toughness was accompanied by a decrease
in tensile stress. This is indicated in Fig. 2, which shows
the result of British work incorporating chopped fibers into

various ceramic bodies. The chart on the left side shows that

the fracture surface energy (a measure of toughne$s) increases
modestly to tremen dously as f ibers are added , although for most
matrices there is a maximum fiber volume which can be tolerated .

However , the chart on the right side shows that the relative
strength of most of the same materials decreases markedly . An
exception appears to be aligned carbon—fiber—reinforced glass,
which evidently continues to get both tougher and stronger as
the fiber volume is increased. It should be mentioned that the
tensile strength was only measured in the direction of align—
ment ; presumably in the other directions , its strength would
also decrease. Nonetheless , as will be brought out later, fiber—
reinforced glasses appear to be a very interesting class of
materials, whose applications may be relatively short—term ,
although the technological reasons for their good properties —

are not yet entirely clear .
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Another illustration of the mixed blessings observed in

early composite work is shown in Fig. 3. This shows the moduli

of rupture (the breaking strength of a bar specimen under three—

point loading) of aluminum oxide with various amounts of chopped

molybdenum wires. The modulus is plotted against the number

of thermal cyc les from 2200°F to room temperature and it thus

shows the ef fects  of con tinue d crac king tendenc ies on the 
—

strength , not just a single—temperature one—shot test. Note
that pure alumina* essentially falls apart after two cycles ,
but the composite maintains a strength as far as the tests were
carried out. However , similarly to the case of Fig. 2, the
initial strength of the composite is appreciably lower than

that of the matrix alone . This is at least partly due to the

inadvertent increase in porosity as the fibers are introduced.

Thermal Cycles

FIGURE 3. Modu lus of Ru pture as a Func ti on of
Thermal Cycling for the Alumina-

• Molybdenum Fiber System (Ref. 3)

Alumina is common shorthand for aluminum oxide , as is beryllia,
magnesia , etc., for the oxide of the indicated metal.

15
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The task of establishing the present technical state of

affa irs of ceramic—matrix composites was made easier by the
existence of two excellent reviews : one was published by
Krochma l (Ref .  5) about 10 years ago and the other by Donald
and McMillan (Ref. 3) about one year ago . Both contain thorough

references of work up to their times of appearance , and Krochmal

gives a good compilation of phase equilibrium data. It is of
interest to quote from each rev iewer some of the more pert inent
and tec hnical ly broa d conclus ions.

Krochmal (1967)

.despi te a number of virtues of fiber
reinforced ceramics , the present techno logy has
been unable to capitalize on this approach to
ach ieve more thermally shoc k res istant ceramics
having predictable mechanical integrity. This
[st ems] from several factors , the most important
being thermo—chemical interaction , cracking, and
reinforcement oxidation.

“Low temperature processing as well as the
use of coated filaments are indicated as potential
solutions.... [There is a] need for studies of
the micromechanics of reinforced ceramics [and
of] subsolidus kinetics in some systems....
Filaments of’ chrom ium and transition metal borides
and beryllides , all of which are presently
unava ilab le , are noted as offering potent ial
solutions [to the reinforcement oxidation problem].”

Donald and McMillan (1976)

.increases in energy of fracture may be
obtained for particle reinforcement if the frac-
ture toughness of the dispersed phase is greater
than that of the matrix and strong bonding exists ,
[and] crack deflection . . . can marginally improve
energy of fracture ; however , in all instances , the
increase is less than an order of magnitude and
hence of questionable significance .

“Suitable fibre reinforcement can provide
large increases in strength approaching an order
of magnitu de , and increases in energy of fracture
may approach three or four orders of magnitude .
[Authors ’ note--evidenti~,i they refer here to
glass matrices.]

16
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“Continuous brittle—fibre systems (i.e.,
carbon and silicon carbide fibres) have provided
the most successful composites in terms of strength
and toughness at ambient temperatures but they are
of little practical value for extended elevated
temperature use. [Authors ’ note--t:ia negative
comm ent  by D &M is due to the si tua t ion tha t  the
carbon filaments may readily oxidize above about
400°C, owing either to matrix porosity or crack-
ing, and that the silicon carbide fibers prepared
on a tungsten sub8trate will show therma l degrada-
tion above about 850°C. While both statement8
were true of the earlier work , recent develop-
ments in silicon carbide fiber technology and
graphi te fiber coatings indicate that these
difficulties may be partially or totally over-
come. ]

“For high fracture energy values with brittle
fibres, pull—out effects are essential [Authors ’
note--pull-out refers to the actua l breaking of
surface bonds and the physical pulling of fibers
throug h part of the matrix as a crack spreads],
but rupture [or plastic deformation] of ductile
f ibres can lead to a high energy of f racture
without the necessity for pull—out .

“ . . .[chopped] brittle fibres yield only
a small increment in energy of f racture whilst
ductile fibers can provide large increments.

“...[there are uncertainties] of the in situ
value of the f ibre strength and , in the case of
discon tinuous reinforcement , .. .of the effect of
misaligned fibres as stress—concentration sites.

“Fibre reinforcement , particularly with
ductile fibres , generally improves the resist-
ance of a ceramic to thermal shock , but matrix
microcracking may be initiated. 

-

“The potential of fibre—reinforced ceramics
is high , but only if several important aspects... - -

are fully evaluated , can they be seriously con—
sidered as useful structural materials. [These
aspects are:]

(i) dynamic and static fatigue resistance;
(ii) impact resistance;
(iii) thermal shock and thermal fatigue

resistance;
(iv) long—term thermal stability;

17
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(v) the effect of progressive matrix
microcracking on these properties,
and the effect of the environmental
conditions and specimen size and shape.”

As far as applications are concerned, Donald and McMillan
have this comment :

“At the present time [ca 1975—1976], fibre—
reinforced glasses and ceramics have not provided
viable alternatives to more conventional metallic
materials, and much more work is required if such
materials are ever to become acceptable replacements.
However , their range of potential applications
is extremely diverse and hence the incentive for
further investigation is high .”

Note the recurrence of statements to the effect that ductile
(metallic) reinforcement is especially good in increasing the
impact -resistance and toughness of ceramic matrices , but that
the oxidation problem greatly restricts the range of applica-
tions . Unfortunately, the lat ter prob lem is still with us.
In 1966 , Miller , Singleton and Wallace (Ref. 6) state:

“The poor oxidation resistance exhibited
by the composites casts doubt on the future of
metal fiber reinforced ceramics at elevated tem-
peratures particularly for use as jet engine
components. ”

In 1976, Brennan (Ref. 7; also see Appendix A , Sections 1 and
5) states , in part :

“One of the problems connected with the
use of refractr~ry metal wire...in a ceramicmatrix composite...in an oxidizing environment
[if a] crack develops [is that] catastrophic
oxidation of the wire soon occurs.”

Attempts were made to silicide the tantalum fibers used by
Brennan. The coating was highly successful in preventing
oxidation of the free wires, but had little effect in preventing
their oxidation when incorporated into the ceramic composite
(the reasons for this are not clear). For most of the high—
temperature DOD application areas, there seems to be very little

18 
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encouragement for serious consideration of metal wire re-
inforced ceramics.

It is interesting to note that , even though ten years
apar t, both of the reviewers cited were in agreement that cera-
mic—matrix composites were not yet ready for use, at least in
the more advanced structural applications, at the time their
papers were written. By the time of Donald and McMillan (1976),
the data information base had grown to the extent that they
were able to delineate guidelines as to what the relative
matrix and reinforcement properties should be. Since then the
basic understanding has been further increased , espec ially by
the work of the Naval Research Laboratory group (see Appendix A ,

Section 7 ) ,  and there are now some areas where applications
development efforts might bear fruit.

0. EXAMPLES OF POTENT iAL CMC APPLICATiONS

Section B above lists 12 potential application areas for

ceramic structural use. It is worthwhile to briefly discuss a
few of these from the viewpoint of ceramic—matrix composites.

This is not intended to exhaust the list, but only to indicate
some that appear to deserve fairly imminent attention .

1 . In ternal Combustion Engines

For reciprocating engines , the closest application is the
diesel power plant as far as ceramics are concerned. R&D work,
partially supported by the DoD, is in progress to exploit re-
fractory , thermally insulating materials to such a degree that
the conventional cooling system demands are either strongly
alleviated or even totally eliminated. If this can be done,
the operational advantages are obviously great. For example,
it is presently estimated that almost 50% of the road mainten—

ance problems associated with diesel—powered trucks are caused
by the cooling system .
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For open—cycle gas turbine use, of course, there are sub-
stantial (about $3—5 million) efforts under way by DARPA to use
silicon nitride and/or carbide materials as both stators and
rotors . The program has had a limited success , but performance
of test engines has been marginal because (among other things)
of thermal stress, impact , and vibrational problems . The tur-
bine inlet temperature has been downgraded to 2250°F (from
2500°F) for the Navy demonstrator engine. While there is a
strong interest in the cruise missile application , no manned—
aircraft uses are being contemp lated , largely because of the
inherently probabilistic mode of failure of the key ceramic

parts.

For both these engine types , the ability to use an inherent
“tough” ceramic would greatly enhance the probabilities of
successful performance (i.e., performance where the full use

of the ceram ic advan tages over metals can be ut ilized ) .  As
one specific example , rotor blade failures in the turbine
demonstrator program have been ascribed (in a preliminary way)
to vibrations considered excessive due to the very low internal
damping characteristic of the ceramic. Compositing , in general,
will add appreciable damping to such a material.

2. Close d—B rayton -Cycle Engines

Under ONR contract , feasibility studies are being carried
out on compact lightweight closed—Brayton systems for ship pro—
pulsion . In such an engine, using an inert gas working fluid ,
the critical item from weight , volume , temperature , and corrosion
standpoints is the heat source , and specifically the heat exchange
system which sees the combustion products from a fossil fuel
burner on one side and the inert gas on the other. One result
of the study , done for a 140,000—hp engine , is that the specific
weight of the power plant (in lb/hp) would be reduced by a fac—
tor of ten by using a ceramic heat exchanger operating with a
hot—spot temperature of 2500°F. This would represent a quantum
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jump in heat source technology , and make such engines look
extremely attractive for shipboard use. Time between major
overhauls for any such heat source would have to be several

tens of thousands of hours. If the ceramic is silicon carbide
or nitride , the apparent initial choices , there has to be a
great concern about oxidation effects. Neither material has

been tested for more t han about 100 hours , and several p~nple
in the IDA workshop expressed concern about any long—term usage

of these materials in an oxidizing atmosphere . At least some

of the oxides would appear more satisfactory from this stand-

point , but thermal stress problems then become more severe .

An oxide matrix composite is an obvious choice , if within

feasibility. Very likely, in order to preserve mechanical

integrity, even silicon carbide would have to be reinforced.

3 . Bear i n g s

Ceram ics , particularly silicon nitride , have made excellent
roller an d bal l bear ing mater ials , both with metal and with
ceramic races. However , when they do break under load, they
behave like typical ceramics and shatter catastrophically . If
relat ively inex pens ive process ing tec hniques can be developed
for compositing such components , the feasibility of taking

advantage of ceramic bearings might be enhanced.

4. Sh ip boar d Inc i nera tors

Multifunctional shipboard incinerators (MSI) would at

first sight seem like mundane systems without significant
problems . This does not appear to be the case.* An MSI com—

bines the functions of a solid—waste incinerator , a freshwater
sewage incinerator , and a saltwater sewage incinerator . It

must be comparatively light and small (<10 ,000 pounds and to

The authors are indebted to W.L . Wheatfall of DTSRDC, Annapolis ,
for supplying them with MSI information . MSI is an ongoing
Navy 6.3 program . See also Ref. 8.

21

k.~ ~~~~~~~~ --- - --
~~
“——-- - —



fit into a l2’xl2’x8 ’ space), have burn—time reliability for
10,000 hours between major overhauls and 1150 continuous hours
without failure, withstand temperatures up to 2000°F in an
extremely corrosive atmosphere , and withstand shock and vibra—
tion . If weight and size were not limiting, brute force re-
fractory ceramic lining concepts could probably be used to
satisfy the other requirements. Because of these limitations,
however , the refractory liner is proving to be a significant
R&D problem. This is a case where ceramic composite technology
could be beneficially applied for a near—term problem.

22
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I I I .  SUMMARY OF R E S P O N S E S  TO THE IDA
CERAMIC-MATRIX COMPOSITES SURVEY*

A. APPLICATIONS FOR CMC

The many suggested applications for ceramic—matrix composites
( CMC ) ,  o f fere d by the group of respondents ,** were either founded
upon (a)  exper ience , (b) informed judgment , or (c )  reasoned
imagination. These potential uses may be classified , f irst , on
an arbitrary basis of temperature of service; for example

1. near atmos pheric temperature
2. about 100—700°C

3. above 700°C.

A second possible classification would divide the applica-

t ions into those of poten tial value to the Department of Defense ,
an d those of value to other s . Be cause the needs Cif f the DoD are
so broad however , it does not appear fru it ful  to make that
division at this time .

1. For Serv i ce Near  A tmos ph er i c Tem pera ture

Suggested mechanical uses included roads, runways for air-
craft (Duckworth , Hillig), tools and tooling (Baker, Diness ,
Richman), cutting tools (Whalen), and flywheels (Kupperman).

As rep lacements for missing par ts of the human anatomy , one
notes the proposed use of CMC for prostheses (DeVries), and for
dental and orthopaedic implants (Pollack). Brown suggested

Appendix C contains the questions used in the survey of the
CMC Workshop .

0*

Respondents are listed in Appendix B in alphabetical order.
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structural beams of wire—reinforced concrete. Beck thought of
the potential virtue of CMC in hydrospace vehicles. Proposed
applications with chemical overtones were as conveyor pipe for
particulate or corrosive materials (Wirtz), as electrolyte in
the sodium—sulfur battery (Stoddard), and as nozzles for chemical
lasers (Stoddard).

Several envisioned uses of CMC were all akin because of
their common relationship to electromagnetic radiation : window
glass with metallic reinforcements (Chu, Brown , Ordw a y ) ,  antenna
windows (Beasley, Diness), infrared transmitters of good
strength (Wang), antimissile missiles (Richman), laser—proof

aircraft (Baker), and laser—hard radomes (Bersch), or domes ,
in general (Beasley , Diness, Phillips , Rice , Steinberg).
Tressler suggested rigidized fibrous insulation .

Suggestions for the battlefield were for armor (Baker,

Cline , Dav idson , Hill ig , Kupperman) ,  kinetic—energy penetrators
or armor (Dav idson , Richman) ,  and antipersonnel fragmentation

devices (Richman).

2. For Service About 100-7000C

Assignment of proposed applications to this roughly limited
range of temperature is inevitably imprecise. Seemingly appro-
priate are bearings (DeVries), bearing surfaces (Herman, Kroch—
mal), parts of piston engi!ies (Hillig),’ diesel components
(Bortz), and Stirling engine heater—head tubes (Probst). High—
temperature reinforced concrete (Wachtman) belongs here. Then
come low—temperature burners (Doremus , Probst), flame arresters

• for rocket—boosted ramjets (Davidson), and environmental pro-
tection for coal—conversion reactors (Beasley). To these , one
adds heat exchangers (Carpenter, Chakiader , Diness), high—

In the mid—1960s, David Godfrey built a working lawn—mower
engine with major components of silicon nitride . —MMD
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temperature insulators (Davidson), aerospace vehicles (Beck),
and high—temperature gas—cooled reactors (Chaklader).

3. For Service Above 700°C

Suggested applications for this demanding zone included
containers for the processing of materials (Doremus), hot dies
for refractory metals (Chapman), plate filters for combustion
gas (Paquette), components for magnetohydrodynamic generators

(Bra dt , Chapman , Rice , Stoddard , Wac htman ) ,  furnace materials,
furnace furn iture , and cruc ibles (Doremus , Duckwor th, McGee
Phillips), and coal gasifiers , other high-temperature reactors
(Wachtman), and gas—turbine combustors. Most often named were
turbine components, their rotors , stators, and seals included
(Bradt, Brennan , Bortz , Chakla der , Cl ine , Conra d , Diness ,
Doremus , Hillig, Kroc hma l, Lync h, McLean , Paquette , Prewo ,
Probst , Richman , Sato , van Reuth , Warren , Whalen , Wirtz).
Rocke t nozzles , and other hot nozz les , were also frequently
cited (A hmad , Carpenter , Cline , Davidson , Diness , Duckworth ,
Lynch , Wirtz). The potential value of CMC for aerospace was
indicated by their suggested use in hypersonic vehicles (Baker,
Krochinal), and in reentry surfaces; i.e., nose cones , leading
edges, etc. (Beasley , Davidson , Duckworth , Kupperman , Lynch,
Steinberg, Wirtz). Herman foresaw a probable role for CMC in
t~ e awaited technology of controlled thermonuclear reactions .

B. SUGGESTED M A T E R I A L S  C O M B I N A T I O N S

Respondents to the questionnaire suggested many combinations
of materials which they thought worthy of investigation as

possible ceramic—matrix composites. It is notable that the
list contains remarkably few duplications , a fact that may well
reflect a widespread uncertainty of knowledge of the field;
until limitations are established through research, many of the
systems offered in such a list will exhibit the influence of

speculation .
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Matrix Reinforcement Respondent
A1203 Ti02 Herman

Zr02 Herman , Phillips

Steel Ordway

Tool Steel s Chaki ader

Sta inless Steels Chaki ader

Special Allo ys Chaklader

N ickel Chak i ader

N ichrome Morgan , Ordway
Mo Ordway

W Ordway

W by directional solidification Ahmad

Al uminous Cement A1203-S1O2 F ibers Tressler
A1203-Cr203 Cr Stoddard
CaO Mo Stoddard
LaCrO3 Cr and Pd Stoddard

CeO2 Mo Chapman

~~2
03 Mo Chapman

S102 S 0 2 F ibers Pepper , Steinberg
A1203 Fibers (duPo nt) Ste inberg

Th02 W-wire Tinklepaugh

u02 W by Eutectic Solidi fication Chapma n , Wi rtz

• 
Zr02 Zr02 Fi bers Lynch

A1203 Fibers Lynch , Ph ill ips

BeO Cl ine

Nichrome MachUn
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Zr02-Ce02-Y 203 Stoddard

SIC C-Fibers , Siliconized (Si Matrix) Warren

SIC (Si Matrix) Whalen

Si , Carburized Burke, Probst

BeO 
- 

- Cl ine

Pyrolytic Graphite Graham

Graphite McLean

SIC Pepper

S13N4 McLean

S1C-Si3N4 Graphite Fibers Pepper

HfC Zr02 Dav idson

TaC Ni Chakiader

Mo Chakiader

Ti , etc. Chaki ader

TiC Ni Chaki ader

Mo Chak i ader

Ti , etc. Chaklacier

WC Ni Chakiader

Mo Chaki ader

Ti , etc. Chakiader

ZrC ZrC’2 Davidson

Graphite Nb~C H i rada

Ta-C Hirada

A 1N Zr02 Cl ine

A1203 and Zr02 Cl ine

SIC Fibers Graham
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BN A1203 Diness

BN Fibers Pepper 
I -

S13N4 Refrac tory Metal Pepper

Ta F ibers Ahmad , Bersch, Brennan ,

McLean , Machi m , Probst

Ta or W wire Tressler

Fibers of SIC on W Ahmad

Supera i loy W i res Morgan

Fibrous S13N4 Diness , Pepper

Si3N4 Bur ke, R ichman
“React ion Bonded ”

RSSN Fibers made in situ Graham

SIAIQN A12O3 Fibers Pepper

“Glass ” A1203 Lynch

2r02 Lynch

Graphite Fibers Bersch

SiC Fibers Brennan , Lynch

W i res or Metal Fra~nents Uher

Fibers of High El astic Modul us Beck

Borosilicate Muilite Fibers McGee

Glass or Glass- Steel Fibers Siefert
Ceramic

B Fibers Si efert
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In the tabulation that follows, the distinction between
matrix and reinforcement is usually firmly determined ; but ,
occasionally , whenever the nature of the materials is such that
one or both of them might well serve in either function , and
the respondent has been less than clear in his presentation ,
the analyst’s judgment has necessarily intruded , to that a
measure of uncertainty exists.

Several respondents made general or incomp lete specifica-
tion of systems . Their contributions could not properly be
fitted into the above tabulation , but are listed below so that
their possible value may not be lost.

Partially Identified Systems Respondent

Oxide Ceramic with SiC McLean
Ceramic wi th Graphite Baker

Glass-Ma trix Composites Prewo
Al uminum Silicate wi th Refractory Metal Chu
Metal Carbide wi th Graphite Davidson
Bonded Diamon ds OeVr les
Porous Carbide infiltrated by Chemical Vapor Davidson
Deposited (CVD) Metal
Gels , Re inforced , Dehydra ted Muel ler
Concrete wit h Glass Fibers Bl achere
Tough Stainless Steel In Castable Refractory Smothers
Report: Feasibility of Fiber-Reinforced Ceramics Milewski
PrevIew (1967) Giving Many Matrix-Fiber Combinations Krochma I

C. GENERAL TECHNOLOGY

Many of the respondents offered cogent comments about the

technology of ceramic—matrix composites. Although the remarks
range widely in subject , they can be assigned , with at least
passing satisfaction , to one of four categories: (1) Status
of’ the Field , especially Processing ; (2) Strengths , Advantages ,
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Promise; (3) Weaknesses , Disadvantages , Warnings; and (14 ) Sug-

gested Improvements , Innovat ions .

1 . Sta tus of CMC

Alliegro reported that hot—pressed bauxite , reinforced
with wire or mesh , served well in many situations involving

wear or impact. Bradt thought that the processing of CMCs was
a dominant concern . Chaklader referred to his research paper

of October 1976 in which he told how to make a dense ceramic!

metal body by hot—pressing particles of Al203 that had been
coated with copper , then milled , then coated with nickel. Chu

cited the importance of attention to six physical and chemical

fac tors (composition , contact angle , interfacial adhesion ,
transforma tion , expansivity, and stress distribution), an d to
the principal variants of processing (e.g., atmos phere , diffu-
sion , and rate of heating and cooling).

Cline disclosed his 1970 invention of honeycomb armor, a

honeycomb of thin metal , filled with a ceramic powder , and the

whole hot—pressed into a unitary structure . Pepper discussed

(an d Vas ilos mentioned ) a useful me thod of fa bricat ion: a
woven preform of the reinforcing fiber is impregnated with a

slurry or a collo id con taining the compon ent for the ceramic
matrix , and the body is then sintered or hot—pressed into the

final shape. This procedure has been used for silica/silica

and for BN/BN , but a source of inexpensive BN fibers is badly
needed , as is a supply of Si

3
N14 fibers for a Si3N14/Si3N14 system.

Phillips thought it feasible to add Al to Zr02, and Zr to Al 203,
to fire in hydrogen , then to fire in air to oxidize the metal ,

the final product being an oxide—reinforced oxide : Al203 
in

Zr02, and Zr02 in Al 203. Pincus suggested that those who employ

knitted or woven metallic wires might learn from the technology

of glass—reinforced polymers . He pointed out that the use of

a reinforcing metal in a ceramic required mastery of the principles
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of combining unlike materials , for example , the relative
expansivities and the relative elastic moduli. He wondered

whether one might make use of clad metals , of principles that
promote bonding , and of configurational preferences.

Russell , insisting that one should consider composites
invo lving the more common ceramics——not only the rare and
“exotic ” materials , invited at ten tion to ceram ics of con trolled
porosity impregnated with plastics or metals , and to sintered
ceramic—metal composites.

Tallan reasoned that the purpose of the second phase in a

ceramic matr ix shou ld be to impar t toughness or res istance to
thermal shock , perhaps through crack arrest , crack branching,

or other mode of absorbing energy .

Warren argued that , although the role of fracture  surface
energy in the mechanical behavior of brittle solids had received

only minor direct R&D attention during the DARPA Turbine Program ,

improvement in the fracture energy of S1
3
N14 and SiC was never-

theless accomplished . This improvement was attributable to a

reduction in impurities , and to a decrease in grain size through

improved processing . Fibers of carbon or metal in a brittle

matrix also increase the fracture surface energy (e.g., Mo f ibers
in Al203, Ta in Si3N 14 ) .

2. Strengths , Advantages , Promise

Bortz emphasized the potential advantages of fiber—strength-

ened ceramics, maintaining (a) that the fibers can carry the
majority of the load , the matr ix merely t ransferring imposed
stress from fiber to fiber; (b) that fibers in a ceramic material

can add toughness and lessen brittle fracture ; (c) that , with

low— density matrices , favorable strength—to—weight ratios are

obtainable ; (d) that an environment—resistant matrix will protect

the load—bearing fibers; and (e) that , with appropriate design ,

the strength , f racture  tou ghness , and brittleness of a CMC can
be matched against requirements.

L — -  - -~~~~ ~~~~~~-



Diness saw promise of pullout toughening by fibers in a
ceramic matrix , especially by fibrous S1

3
N14 in Si3N14. He also

cited the potential for toughening through stress—induced trans-

format ion , and through the microworking that attends thermal
cycling.

Both Fine and Firestone thought that castable refractories

reinforced with fibers would offer enhanced strength and resist-

ance to thermal shock.

Morgan pointe d ou t that cas tab le ceram ics conta ining sta in-
less steel fibers are in use in furnace roofs . He predicted
that “graded” metal/ceram ic s t ructures , which could readily be
made (e . g ., by reactive hot-pressing), probably had an important
future  in turbines , etc.

3. Weaknesses , Disadvantages , Warnings

Alliegro considered composites “a risky business ” beacuse ,

in service , reaction between phases , and interference because
of expansion, would sometime s yield “the worst properties of

the individue l members .” He therefore held that a composite

ought to be used at temperatures that are wel l below the temper-
ature of fa bricat ion.

Bortz warne d of pos sib le inc ompatibili ty of the components
of a composite .  He exp la ine d t he thermodynam ic basis for pre-
dicting the compatibility or incompatibility of a paired metal-

lic fiber and a ceramic oxide , and he supplied some relevant

values of free energy of formation.

Cutler , writing of the potential virtues of glass fibers
in the strengthening of building material , stated that the major
problem was to discover an inexpensive matrix that would not
degrade the fibers.

Duga said that a great impediment to progress in the field

arose “from an incomplete knowledge of the characteristics of
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the interfaces” in any ceramic/metal system of interest. He

thought not only of the physical, chemical , mechan ical , and
structural characteristics , but also of how those interfaces
were formed.

Lynch re cognize d many prob lems that make diff icult the
development of structural ceramic composites , espec ially
chemical compatibility, differences in thermal expansion, and

strength—to—weight ratios.

Paquett e wa s impre ssed by t he array of prob lems presented
by the materials that are considered for use in CMC . Some of

these were shear stren gt h , toughness and impact strength,
creep resistance , resistance to thermal shock , and long—term

durability. He also saw the need for investigation of crack

growth, fiber—matrix interaction , and susceptibility to corrosion!

erosion/oxidation . He wondered whether the job was actually

worth doing.

Pepper dwelt upon gaps in the technology , and upon the

severity of the environment in which certain CMCs might be

expected to serve . He considered the lack of suitable fiber

reinforcement for high—temperature ceramics , such as silicon

nitride , to be critical. He thought that , in particular , a

fiber of silicon nitride exhibiting a high degree of chemical
compatibility with bulk silicon nitride , and also possessing a
matching therma l expansivity, was badly needed for the compo-

nents of the gas turbine . He judged that the environment of

heat exchangers for turbines and closed—cycle engines was

equally demanding .

Like Alliegro, Searcy feared constitutional changes in CMCs
during service , owing to changes in solubil~ty limits with tern—
perature . In thermal cycling, for example , components go in and
out of solution . Even in a steady temperature gradient , the

- - 

composition of a single phase may become inhomogeneous .
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Tinklepaugh was dubious about the limitations of ceramic
matrix/ceramic fiber composites “because they are still brittle.”

Viechnicki , thinking of CMC grown in situ , concluded that
a principal reason for the minimal activity in the area was that
the gain in improved mechanical properties of such a system did
not justify the difficult technology , that is, high temperature

of melting , unsu ita b le cruc ib le mater ials , loss by volatilization
of the melt , great shrinkage with freezing, and faceted growth.
Moreover , the product typically offers unexciting resistance to
thermal shock.

In view of the current practice of industrial design , Warren
looks upon the s t ruc tu ral use of CMC as “a last—resort solution.”
High—cost , brit t leness, poor reproducibility, flaw sensitivity,
and paucity of design data have contributed to the reluctance
of designers to cons ider ceram ics , or CMC , for s tructural
functions .

4.  Su ggested Improvements , Innovat ions

The many suggestions for the improvement of CMC are grouped

under (a) General , or “Strategic ,” Comment ; (b) Fabrication and

Processing; Cc ) Special Materials ; Cd) Strengthening , Toughening .

a. General , or “Strategic ,” Comment. Bradt advised that
one should be concerned with the fundamentals of structure!
property relationships. In similar vein , Wang maintained that

only full attention to the topology of the component phases
would bring composites into their proper place in engineering .

Courtney , to whom improved fracture toughness was the
limiting need of ceramics , advised the study of (1) CMC with
soft and/or ductile inclusions; (2) ceram ic/metal in s i tu  systems
of either fibrous or lamellar morphology directionally solidified ,

and (3) ceramic/ceramic systems directionally solidified in Bitu.
Hillig likewise recommended the attempt to achieve a desirable



reinforcement/microstructure through in si tu  reaction. Hillig

also insisted that attention be given to the perfection , the
stability, and t he protec tion of the interphasal interface ,
and to the coupling between matrix and reinforcing phase(s).

Hasselman thought that one could improve resistance to thermal
stress by control of thermal conductivity.

To some respondents , the morphology of the composite was
of surpassing importance. Urban suggested a sandwich of long ,

parallel fibers of Al 203 between sheets of A1203, the inter-
stices then being filled with a refractory metal or oxide .

Steinberg , with his mind on the leading edge of the space

shuttle , was inclined to put this trust in any sort of ablating

or subliming structural system made up of a porous bonded—ceramic

struc ture , impregnated with an organic material which when
heated , would char gassily . McMillan thought that one would do

well to imitate the structure of wood and bone .

b. Fabr i ca t i ng  and Processing . A number of respondents

proposed novel modes of fabrication . DeVries wondered whether

a composite might be built up as a series of thin—film layers ,

possibly epitaxial. Graham , citing the reported preparation

of equlaxe d gra in struc ture s by chemical vapor depos ition (manu-
facturers identified), conc luded that CVD was a first—class

candidate among methods for fabrication of CMC . Herman enthu-

siastically advocated the trial of plasma spraying for fabri—

cation. Ordway suggested that a matrix (initially glassy for

ease of fa br ica t ion ) coul d be f inished as crys ta l line by subse-
quent devitrification .

• p McGe e proposed the addi t ion of the matr ix ( presuma bly,  to
a reinforcement already in place) by the casting of a melt , by

chemical infiltration , or even by CVD . With greater detail ,

Paquette endorsed fabrication by liquid or gaseous infiltration

or impregnat ion , but he also saw probable economy in the prep-
aration of ceramic bodies through pyrolysis of organic precursor
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polymers. Probst et al. suggested burying fibers of Al203 
in

silicon, then nitriding to produce a reaction—sintered silicon
nitride reinforced by alumina fibers.

Smyth averred that one could cast a fused ceramic refrac-

tory at, say, 2000°C, about reinforcing wires of a refractory
metal , e. g ., molybdenum . Wirtz recognized the prosaic cosin—

tering of matrix and reinforcemen ts, but he preferred to pre-
cipitate the reinforcing metal or ceramic from a ceramic matrix
or , “more elegantly,” to deposit both phases by eutectic solidi-
fication of an appropriate melt .

Confining his attention to ceramic/metal composites , Chak—
lader recommended coating the ceramic particles with metal
before the unifying step of sintering or hot—pressing. He had
found tha t energet ic milling of the ceram ic part icles before
fabrication was beneficial. He also thought that thermite

reactions could be adapted to the deposition of the reinforcing

metal , and to the fabrication of the composite body .

Quite alone in his assumption of the general viewpoint of

management , Duga advised that , after development , the leap from
laboratory to production must be attended by confidence in the

testing methods employed for quality control. In other words ,

successful produc tion must be guided by qua lity con trol which ,
in turn , rests upon reliable testing .

c. Special Materials. Wang thought that t he effective
infrared transm it ter , Ag

3
AsS 3, which is mec han ically weak , might

become valuable if built into a composite with a ceramic matrix

which also exhibited passable IR transmission , e.g., MgO or

Cutler reported that he could produce inexpensive whiskers

of SiC from clay, and that he would welcome the discovery of
an appropriate matrix for them.

i
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d. Strengthening, Toughenin g . Recognition of the need

for enhanced toughness prompted several thoughful suggestions .

Bradstreet conceived a CMC with a reinforcing phase of extremely

high ~trength, and with a layer of ductile metal at the matrix—
reinfor~cement interface for effective transfer of stress. Less

definit~L1?ely, he indicated conviction that there was virtue in

crack arrest on a microscopic scale . Also writing with a broad

pencil , McMillan declared that the road to toughness would pass

through a thicket called “microstructural complexity .” With

more specific reasoning, Chapman maintained that aligned particles

of a secon d phase offere d p rom ise as barr iers to crack propaga-
tion , and McLean thought that preferred orientation of reinforc-

ing fibers might be of paramount importance. A quite different

approach was that of Cline and Rice , who suggested the purpose-

ful addition of’ hard particles for initiating microcracks that

would blunt potentially destructive cracks and thus deter their

propagation.

The concept of providing toughness through the presence of

a component that is subject to a strain—induced transformation

was presented by both Diness and Hillig. Both were thinking

of systems in which partially stabilized Zr02 was a disperse
phase, subject to the tetragonal—to—monoclinic transformation
when adequately strained.

Overlooking little , Kirchner suggested all three of the

pr inci pal means of augmenting f r ac tu re  toughness : introduction
of small particles as barriers to crack propagation , enhance-
ment of microcrack ing , and provision for strengthening by phase

• transformation .

Tressler proposed to strengthen by increasing the fracture

energy, but he did not say how the improvement might be accom—

plished .

Duckworth summed up wide knowledge in few words. To in-

hibit initiation of fracture , ensure tight bonding at interfaces
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between the matrix and a reinforcement of higher strength and

elastic modulus. To inhibit propagation of cracks, ensure
that the fracture surface energy will increase as cracking

starts, e.g., by crack branc hing, by plastic flow, or by fiber
pullout . The prevention of catastrophic failure by the incor-

poration of crack arresters , with attendant weakening of the
ceramic matrix , requires that one accept the initiation of
damage at a lower stress than that at which the unreinforced

ceramic would remai. intact.

D. N O N T E C H N I C A L  COMMENT

The comments of this section can appropriately be divided

into ( 1) History , Administrat ion , (2) Recommendations for R&D ,
and (3)  Pros pects .

1. History, Administration

Blachere w~ s impressed that much of the early work on CMC ,
e.g., with metallic fibers , was apparently has ty ,  and t hat
some of the promis ing re sults were forgotten.  On the basis of
long observation of CMC endeavor in Government , Bradstreet
remarked that the prior effort was doomed by blunders -of manage—
ment , primarily stipulating that “available ” materials be used ,
and failing to demand adequate information on the materials

during the planning stage . The programs were further hampered

by inadequate funding, by prejud ic ial pessimism in DoD and in
NASA , and by a narrow view of the potential utility of CMC
(i.e., only for refractoriness and wear resistance).

Thinking of limited expenditures for research in ceramics ,

Bersch expressed the opinion that R&D on CMC should be funded
from the more generous provision for composites. Bradstreet
thought that the planning of any “rational program” should be
guided by a permanent advisory committee . Probat was convinced
that one could not proceed far into a CMC program without
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comparing the projected cost of the product with the predicted

need, or market .

Diness reported that ONR was thinking of holding a work-

shop on toughening mechanisms in ceramics.

2. Recommendations for R&D

A strong proponent of basic research on CMC was Sato . Noting

the lack of fun damental knowledge of such materials, he insisted
that basic research was urgently needed , along with developmental

research and the study of processing. In the same mood , Searcy
declared that the chemical and microstructural effects of ther-

mal cycling should receive “sophisticated and coordinated study .”

Likew ise , Hillig urged that “emphasis should be on systems that
make sense theoretical ly ” ; that materials work should be combined

with theory , lest the effort be mainly productive of wishful

thinking .

Bot h Doremus and Ordway wer e firm in the opinion that the
best R&D program woul d procee d as an ef for t to solve an actual
prob lem , rather than as a general development of materials;

that one should identify specific applications , and let them
guide the work . With equal but opposite emphasis , Russell
maintained that an orderly program of materials deve lopment
would be preferred to one that was directed toward “a specific
and difficult application .”

Stepping slightly aside from the defined field of interest ,

Rice opIned that some nonmechanical applications , e.g., acoustic ,
optical , or elec tr ic func t ions , may be of equal or greater
promise than are structural uses.

Chapman , who should know , pointed to the paucity of research

on the unidirectional solidification of all—ceramic systems .

He suggested that some oxide/oxide composites may have potential

for high—temperature structural service. With closely similar
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reasoning, Tressler recommended the study of directionally
solidified ceramic eutectics and ceramic/metal eutectics , and

added a suggestion for analogous exploration of very high—

temperature eutectoids .

3. Pros p ects

Op inions expressed about the outlook for ceramic—matrix
composites were hardly rosy . Writing of a type of composite

that has received considerable attention , Burke took a dim view
of any continuous—phase ceramic containing dispersed wires or
other shaped metallic phase . Tressler was no more hopeful for
the concept of strengthening ceramics with high-strength fibers

of glass or other ceramic to make a body for high—temperature

service ; he warned of degradation of the fibers during either

fa brication or service. Tallan ac knowle dged lit t le enthus iasm
for the Si

3
N~/meta llic f iber sys tems tha t his group has evalu-

ated. He judged that CMCs would be at their best in service
where in they bore no load , and had to tolerate only limited
thermal shock.

Brown said , bluntly, that many CMCs “just are not practical .”
Like Tressler , he knew the danger of unfavorable alteration of
propert ies dur ing processing . Krochma l, who cons idere d the
development of a useful structural CMC to be a “very dif f i cu l t
possibility,” thought the outlook bleak when he reviewed the

field in 1967, and seemed of the same opinion in 1977.

Probst et al., no t altoge ther pess imist ic , thought it dif-
ficult to estimate the potential of CMC unless one had in mind
a specific application , for which all conditions were defined.
Warren judged that, because we are accustomed to “a ductile
world ,” the structural use of CMCs will not come about until de-

signers have learned to think of themselves in “a brittle world .”

Davidson believed in a structural future  for CMCs , and he
had hope that the reliability of such systems could be brought
to levels that would satisfy the design engineer .
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IV. SUMMARY OF WORKSHOP DISCUSSIONS -

A workshop to explore the state of technology and potential
applications of ceramic—matrix composites was held at IDA on 

—

8—9 September 1977. The attendance was made up of about 15

scientIsts and engineers who represented government , univer-
sities, industry , and research institutes. However, the par—
ticipants were not picked by affiliation but rather by their

recent interest and activity in the specific field of ceramic

composites. In this way , little general background coverage

was required and the workshop could get right down to specifics.

The full workshop lasted for 1 1/2 days. The subject matter

covered is outlined in Appendix A , which includes copies of

pertinent vugraphs and slides used in presentations. No formal

papers were requested of the speakers since the purpose was to

hold discussions , not a colloquim.

Immediately after the end of the workshop , a small review
panel met separately to critique the workshop proceedings . This
panel was made of Arden L. Bement (DARPA), Winston Duckworth

(Ba tt e l l e ) ,  Robert A. Lad (NASA—Lewis) and the authors. This

meeting was taped and a reorganized and edited version of the
tape transcript is given in the following material.

A. P H I L O S O P H I C  CONSENSUS

With apparent unanimity, the panel agreed that, in the
promotion of the infant field of ceramic—matrix composites (CMC),
an early step must be to identify appropriate applications .
Once a useful application is recognized , need will then guide
the endeavor to the necessary developmental research, as well

L 1
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as to any bas ic research that st ill is required. In this vein,
the concept of the inverted pyramid was offered: one might
begin at the apex with basic research, and work toward appli-

cation and eventual production at the broad base; but , during
that progress ion , recognition of valuable potential applications
would reveal that specific r-~searches had yet to be done before
development could successfully be completed. A corollary of

that reasoning is that one must beware of plunging into develop-

ment before the essential fundamental knowledge is at hand , or
before adequate research has been done .

On t he ot her han d , it is di ff icult to exc ite users or
designers to give any encouragement to the support of basic

research before the promising performance of a primitive

product has been realized. If one can demonstrate the validity
of a concept , and thus can tie a research program to a specific
end use , then funding for the necessary basic research will
more probably be obtained.

B. DESIGN , DATA BASE , AND P R O G R E S S  OF T E C H N O L O G Y

Heretofore , more R&D effort has been exerted on CMCs at the
processing/property interface than at the design/property inter—
face. The designer must become more actively involved . He ,
working with the materials engineer , must determine the rules
of design , and whether the available data base is significant
for a selected application . Without valid date and without
such cooperation , it is fruitless to ask the designer to design
for brittle CMCs.

The dec ision to use a CMC for a given purpose might be
based upon one of the following reasons : (1) the job could be

done in no other way ; (2) the consequent technology , or perhaps

simplicity of design , would eliminate some muddling procedures;
(3) the cost of manufacture would be reduced through the use
of the special material or an advanced design . Before offering
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a CMC as a replacement for another material in an existing
technology , one should learn the weaknesses, if any, of the
material currently in use.

Substitution by CMCs will be highly rewarding whenever it

eliminates or substantially diminishes a requirement for cooling,
or permits operat ion at a higher tempera ture than had been pos-
sible. A successful CMC substitute for Si

3
N~ or SIC in the

ceramic gas turbine would provide a favorable cost/benefit

ratio, although the material might have to be coated or other-
wise protected against the combustion gases. A composite

possessing significant damping capacity might well be superior
to~ the monolithic ceramic blades of the Garrett engine, which

seem to be subject to failure by vibration .

C . A P P L I C A T I O N S

On the problem of identifying applications , the panel

seemed to agree that , bes ides discern ing that a particular CMC
woul d appropriately fulf ill a recogn ize d need, one might also
perceive potential uses that would exploit the estimable

properties of an available CMC . Possible applications , more-
over , could be grouped into three technical categories:
(1) improvements on existing ceramic components; (2) existIng
technology that requires better materials (but here , again ,

one must be certain of what is now unsatisfactory); and ( 3 )  new
t 

engineering concepts.

The specif ic app licat ions that  wer e mentioned, and were
sometimes discussed at length , ranged from uses that have
already been brought into practice to others that barely sur-
pass the status of speculative suggestion. Thus , it was firmly

noted that both the heatshield and the external thermal insu—

lation of the still—developing space shuttle are ceramic—matrix

composites , whereas the use of CMCs for enhanced fire protection
in aircraft, in general, was merely a suggested possibility.
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Reinforced concrete was strongly recommended as of great
potential value to the DoD, for example , in the hasty construc-
tion of aircraft runways over an inadequately prepared subgrade ;
in the repair of bomb craters; in the building of certain types

of boats and barges .

The promise of dimensional stability led to the suggestion
of CMCs for the substrate of large mirrors , particularly those

comprised by optical systems serving In space . Likewise, radomes,
which require strength , erosion resistance , dimensional stability,
as well as transparency to electromagnetic radiation , were a
suggested application.

Several applications that were discussed had to do with

the storage or the conversion of energy . It seemed obvious

that a flywheel of lightweight CMC , if of suff icient tens ile
strength, would excel any metallic wheel in the storage of
energy, because of the higher rota tional veloc ity tha t wou ld
be possible . In the now—developing gas turbine built of ceramic

componen ts, turbine blades of the stator , made of Si—SiC , have
done well in tests , but the rotor is still in question : no

ceramic or CMC of adequate tensile strength at the target tem-
perature has yet been developed . In such engines ’ combustors ,
however , SiC is already in use , and a CNC of appropriate design
might be even more successful. It was suggested that a glass—
matrix composite might well be satisfactory in the compressor

fan of the gas turbine , although certainly not in the hotter
zones of the engine .

Reciprocating engines offer a number of possible applica—
tions for CMCs. In the diesel , monolithic ceramics are presently
under test as cylinder sleeves , piston caps , and components of
the cylinder head . A major potential advantage of the nonmetal—
lic members is that they will require little , if any , cooling.
The question remains, of course , whether CMCs could provide any
cost/benefit advantage over the monolithic materials. The



Stirling engine, long known but not yet significantly used , was
named as an especially promising beneficiary of structural

ceramics and , therefore , possibly of CMCs. The potential for

the use of CMCs as bearings in propulsion systems was emphat-
ically cited. Indeed , a fa irl y wide use of CMCs for the saving
of we ight by the automot ive indus try was foreseen.

A critical function mentioned as a possible application

for CMCs was that of nozzles for chemical lasers , espec ially
those to be used in space. Their use would obviate the weighty

equipment necessary for cooling the currently used nickel;

they could also operate at a higher temperature , and thus with

greater efficiency than is now feasible . They must tolerate

fluorine , to which no mater ial seems iner t at the operat ing
temperature (about 2000°F); but , inasmuch as the total period

of service is probably less than an hour , some reaction is
acceptable .

Experiments on ceramic liners for gun tubes are under way ,
and somewhat more work has been done on rocket motors. Here ,

again , CMCs may be as good as or better than the monoliths .

Much R&D remains to be done . Likewise , the future role of CMCs

in lightweight armor remains in doubt.

0. SYSTEMS AND MATERIALS

Little attention was given to materials themselves. The
question of availability, particularly of strategic materials ,
was once raised , but the reply, which stood unchallenged ,
maintained that availability is a func tion of price , that even
strategic r~ teria1s can be obtained if the price is high enough ,

so tha nc ~~~~~~~ shortage r f  materials exists.

The r- ~i~~ l -i ked a 1en~ th abni~’ ~tgn i~~ cant or critical

~~ per~ ies o te s- -~~h~ r. “~Th , tu t ‘hey ~11~ cusse d only  a minor

~r i ct~ on ~f the r~ar~y ~ -ec fic systems tha t have elsewhere (the
survey) been suggested for Identified applications , or “cr
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further R&D. High on the list of critical properties was

dimensional stability ,  recognizable as minimum thermal expan-
sivity in the temperature range of service. If not isotropic

in that characteristic , the system should at least be symmetric
in two dimensions . Other bases proposed for separating success-

ful from unsuccessful systems included stoichiometry , toughness
(whatever that is), and micromechanical attributes; the need

for toughness was repeatedly emphasized. Further promise of

success was said to lie in t he possession of t emperature toler-
ance (i.e., refractoriness) or a high strength—to—weight ratio.

But it was also emphatically averred that the most useful

system for a given service woul d of ten be one tha t offered
something more than structural reliability , providing instead

one or more valuable physical properties (e.g., thermal con-
ductivity, piezoelectric character , thermionic emission)

combined with  strength , ref ractor iness , and the like .

The group favorably regarded Rice ’s conce pt s for increasing
fracture toughness without decreasing fracture strength. One

of his ideas was to ensure homogeneity of microstructure .
Another was to augment toughness by providing small particulate
inclusions (small with respect to representative flaw size),

closely spaced, to deter crack propagation through “line tension ”
at the leading edge of the crack.

In a further discuss ion of the ro le of microstructure and
micromechanics of CMCs , subcr itical crac k growth , which is ever
a threa t to ma terials serving under stress at high temperatures
(e.g., the Garrett engine at 2250°F), was explained as accom-

plished through grain—boundary sliding, which generated “essen-
tially Zener cracks” at triple points.

In yet another reference to the importance of microstructure ,
it was maintained that CMCs probably have significant potential
for service at unlubricated points in machines rotating at very
high speeds (e.g., the Garrett engine again); that , whereas the
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life of the materials presently used greatly depends upon the
attainment of a highly polished surface , a properly chosen CMC

system , w ith app ropria te con tro l of microstructure , might make
unnecessary most of the now indispensable polishing .

Specific categories of systems mentioned covered a wide

range of temperatures. We have CMC5 for use at atmospheric
temperatures (e.g., re inforce d concrete), for elevated temper-
atures (glass—matrix composites), for high temperatures (silicon
nitride), and for very high temperatures (car bon/carbon , and
carbon/metallic carbide). Reinforced glass was judged probably

advantageous over composites with an epox y matr ix for inter-
mediate temperatures , because the epoxy is sensitive to water;

it is softened by a laser beam ; and its expansivity is a major

problem. Moreov er , the glass—matrix composite can be hot—formed.

Re inforce d concre te , of course , is already used in enormous
tonna ge , yet it might well be substantially improved through
research. For high—temperature service , refrac tory concre te
re inforce d by stainless stee l wires is in use , the wires serving
princ ipally as crack arre sters.

The system Si—SIC , if the Si is held to the range of 5—10

percent , is promising for service at rather high temperatures;
but the SI will cree p if the sys tem is used under stress at a
tempera ture app roach ing the melt ing point of Si, 2570°F. [By

way of a marginally appropriate comparison , it was reported
that hot—pressed silicon nitride shows no creep at 2250°F.]

The external thermal insulating panels on the space shuttle
were said to be made of silica fibers in an oxide . The compo-
sition was not more precisely given , and was thought probably
proprietary .

Aluminum nitride was mentioned as very interesting, but no
one proposed a composite system of which A1N would be a component .
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E. F A B R I C A T I O N

CMCs are often made by use of classic ceramic techniques

for the compaction of powders with reinforcing particles or
fibers: (1) cold—pressing, followed by sintering; (2) hot—
pressing; or (3) hot isostatic pressing . A variation on press-

ing is explosive forming in which the employment of a graded

powder was said to help to absorb the energy of the shock wave
and to prolong the period of high pressure (“high—pressure

dwell time”).

It was emphasized that the assembly of dissimilar materials
in the above manner is usually best done at the lowe st feasible
temperature so that damage of the components by high—temperature

react ion may be avo ided . In any event , the movement or trans-
fer of materials , whether in the initial combination or in a
su bsequ ent process ing , and the related control of dimensions ,
are always critical considerations .

For a limited number of systems , a sol— gel source for at
least one material may be utilized. When the gel is dried , it
may be reduced to powder (or spherical granules). The necessary

chemistry is often intricate but that impediment is largely

compensated by the simplified chemical engineering and handling .

Any impur ities present are not segregate d but are almos t atom-
ically dispersed. There are no concen trat ion gradient s, and no
contaminating comminution is required. Final processing is

accomplished by conventional techniques.

The preparation of microcomposites by directional solidi-
fication of eutectic melts , a scientifically fascinating tech—

nique , was judged to be of limited applicability. If the fibrous

component is a refractory metal , the system will have poor
resistance to oxidation . With a suitable nonmetallic fiber,

the threat of oxidation could be avoided , but the consensus

was that, for any system of this type , scale—up to practice
would be very difficult .
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The several techniques for fabrication, machining, etc.,
of CMCs are usually available , but economic feas ibility often
determines the choice (and the exclusion) of techniques; whether

preparation shall be done , for example , by sintering , by chemical
vapor depos it ion , or by explosive forming; and how much machin-
ing shall be done, and whether , e.g., ultrasonically or by
diamond grinding.

The workshop brought out a better understanding of fracture

surface energy , and of how that entity is affected by micro—
structure and by a second phase——hence , by fabrication .

In the discussion of fabrication , it was more fully brought

out (see Systems and Materials in Section D above) that control,
not only of cons titution , but of microstructure as well , may
permit the fabrication of bearing surfaces without all the

grinding and surface preparation heretofore required.

Strengthening of certain systems may be done by application

of compressive forc e, e. g . ,  in machining, to induc e trans forma-
tion in the surficial layer of one component . It was suggested

that ion—implantation , for which equipment will soon be commer-

cially available , could do much the same thing .

F. SOME COMMENTS ON R&D

A few of the topics discussed by the panel on general R&D

problems deserve attention .

1. Defining research problems for investigation requires
the establishment of aims . A substantial part of ful-

filling that requirement consists of learning the cus-
tomers ’ needs; that is, see what the applications
people want .

2. The panel clearly agreed that the aim of basic research

is to generate understanding . To formulate a good

fundamental research program is to identify some prin—

• cipal areas that are judged to be potentially useful.

Several such specific subjects follow.



______

a. How much effort should be devoted to the derivation

of phase diagrams? (The need for such information

frequently surfaced during both the workshop and the

critical review thereof.) Such a program was ad—

judged most likely to be approved for funding if
spec if ic pract ical needs could be demonstrated .
The best approach was thought to be to ident ify
small cr it ical points of cons titut ion for which
knowledge is lacking , and to seek support for these
narrow areas which impede progress.

b. The mechanisms whereby fracture surface energy may

be increased are poorly understood . While that
lack of understand ing endures , progress in the
field will be confined to the fruits of trial and

error .
c. Test methods , based upon fundamental principles ,

are needed for CMCs exhibiting toughness. How

does one anal yze suc h a fracture?
d. Presently available method s of mathematical analysis

of the propagation and reflection of an elastic wave

in armor are said to be quite inadequate for the

treatment of data and the prediction of behavior

of projectiles in an ongoing penetrator program .

The same weaknesses should apply to any macro—
mechanical study of CMCs .

3. Two subjects were suggested as appropriate for work

directed toward specific application.

a. Uses should be sought for fiber—reinforced glass.
b . The field of radomes and IR domes seems a promising

one for ceramic and CMC research.
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V.  FINAL ASSESSMENTS AND RECOMMENDATIONS

A. ASSESSMENT OF F I N D I N G S

Previous sections of this paper have attempted to summarize

the views expressed in the literature (or in private discussions)
concerning ceramic—matrix composites , the views expressed by

the respondents to a broad survey of ceramic scientists and

engineers , and the deliberations of the CMC Workshop . We shall

now attempt to condense this information and assess it in the
context of the task objectives. To a certain extent it is

recognized that some of the statements made herein are asser-

tions or opinions , especially since there have been f ew, if
any , detailed applications tradeoff studies. However , it should
be quickly reemphasized that these are not the assertions of the

authors , alone , but inclu de cr it ical cons iderat ion of the
opinions of the technical community. In the case of structural
ceramic—matrix composites , it is not a matter of assessing the
efficacy of what the DoD is presently doing; essentially , there
is no ongoing DoD program of sufficient size to warrant a

critique . Rather, then , what is being done is to assess the
future potential of CMCs, starting from practically a zero
present app licat ions base , which must necessarily involve
educated opinions as the initial step .

1. Poten ti al U s e f u l n e s s  of CMCs to DoD Systems

The pDtential DoD applications interest in CMC material
systems is very broad , including every area where structural - -

ceramics are of interest and some where monolithic ceramics
would not even be considered. While prior discussions in this
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paper have divided the application potential according to tem-

perature scale, here the division will be on a short—term (5
years or less) and a long—term usefulness. This judgment , of
course , is intertwined with the following section ’s assessment
of technology status.

a. Short-Term (-< 5 years ) Applications

Seeker Domes. Many of the present radomes are made of
slip cast fused silica which presents problems in both integrity

and rain erosion . There has been past work on quartz filament—
wound silica materials which showed promise. Whether silica

is sufficient is open to question , but a strong composite

effort would seem reasonable .

RV Antenna Windows. Present quar tz/si lica or boron
nitride/boron n itride are marginal performers , as po inte d out
in an earlier IDA paper (Ref. 1). DoD work on high—performance

boron nitride fibers is almo st a t a standst ill (as well as the
composite) and should be reinvestigated for this as well as

other applicat ions .

Concrete Structures. Iron wire—reinforced concrete is

almost reach ing a commercial stage , particularly through the
efforts  of Battelle on selling their Wirerand® process. The

DoD (especially the Army Corps of Engineers) has been somewhat
remiss in not applying a larger effort to investigate the
potent ial uses of this and similar re inforced concrete (or
cemen t ) composites. In part icular , the Navy (in spite of a
flurry of effort to design conventional handwoven and tied

ferrocement boats to be built by low—cost—labor countries like

South Vietnam and South Korea) has not appeared to have given
any serious attention to castable ocean vehicle hulls using

such composites.

Armor for Kine tic-Ene rgy Penetrators. The analytical
ability to predict how successful armor arrays should be built
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is presently very limited. A systematic experimental program
to empirically outline the materials systems needed appears to

be in order. One supposes , with some confidence , that reinforced
ceramics (including laminates in this case) will have a high

priority. However , here is a situation where one still does

not know what the parameters should be, except in very general
terms . The military systems problem is quite pressing .

Moderately Increased Temperature Gas Turbines. A mod—
t erate increase of uncooled gas—turbine inlet termperatures to

2000°F (with excursions up to about 2200°F for short periods)
may be feasible using silicon carbide fiber/silicon composites.

While obviously not as exciting as temperatures of 2500°F or

more , such applications do offer the promise of increased
fuel savings and perhaps at low cost (by comparison with super—

alloy materials). Present DoD ceramic turbine efforts are con-

centrating almost entirely on the higher temperature materials .

While this should be done , it would seem that effort on a near—

term practical application would be worthwhile. It would also

give ceram ic use a chance to walk be fore it runs.  
-

Eros ion-Resistant RV Nosetip . This is a seemingly

pressing problem , which has been covered in a previous IDA

paper (Ref. 1). The emphasis here is that the tantalum carbide/

graphite composite (Appendix A , page A—l5) and the boron carbide!

graphite composite (Appendix A , pages A_Lb and A— Lb 2) are prom-

ising enough that they should be considered strongly for applied

system efforts.

Sh ip boar d Mul ti f u n c ti ona l  Incinerator. An ongoing Navy

6.3 program , this device is having serious refractory liner
problems due to the various criteria it must meet , not the least
of which is being usable on board a ship (Chapter II, Section
D—Lb ). The Navy is presently attempting to use a thin castable

• refractory lining either sprayed or (more usually) troweled in

place . It would appear feasible and advantageous to Incorporate
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ceramic fibers (perhaps alumina or silicon carbide, depending
on the precise matrix). Here is a case where the initial
material cost , while not negligible , is not a paramount factor
if greater relaibility can be achieved. See also Ref. 8.

b. Long-Term (>5 year) Applications

Reinforced Glass Composites. Although not yet designed
for a specific application , this type of material now appears
to have sufficient basic data to indicate a high promise and to
warrant a search for usefulness. The reader ’s attention is
directed to Appendix A , Section 6. With a density close to
that of carbon—reinforced/polyimlde (and much less than that of
carbon—reinforced/aluminum), carbon—reinforced/glass has a
potential use temperature of over 1200°F as opposed to 700°F—
1000°F for carbon—reinforced/aluminum . Recent developments
seem to have alleviated or removed (perhaps with the use of
recently developed silicon carbide filaments) the problems about

oxidation resistance of the fibers (see Ref. 9 ) .  The glass
composites have strengths , toughness and stiffness at least
equal to the organic—matrix composites , are potentially as cost
effective , and have better water vapor resistance. They (glass
composites) have the potential of being readily hot—formed to

complex structural shapes. This is a new class of advanced-
composites which complement the organic and metal matrix com-

posites. Although the present study has not looked hard at

detailed appl icat ions , such investigations should be made . Note

that elevated temperature use is not necessarily the most bene-
ficial application . Good dimensional stability (including low
thermal expansivity), for example , suggests use in large space
mirror substrates.

Air -Breathin g Engines. From a resources standpoint ,
the bulk of present DoD ceramics R&D lies in support of the
ceramic gas turbine , and almost all of this effort Is concen-
trating on silicon nitride and silicon carbide . The allowable
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uncooled turbine inlet temperature of 2500°F is the temperature
value usually quoted by propulsion designers as the dividing

line of interest. There is little competition from concepts

Involving metal turbine redesigns at this temperature and

higher; ceramics have to be used and the benefits from reduced

specific fuel consumption (among other factors) are great .

Below this temperature (down to about 1900°F), ceramics would

be useful but cost enters in more strongly ; in this regime ,

meta ls can be use d , not as well but perhaps well enough. A

demonstrator test with a silicon nitride rotor has been suc-

cessfully run for one hour, at about 50,000 rpm , at 2500°F,

which shows that it can be done . However , as emphas ize d
throughout this paper , this is not really the problem . The

question is whether [through proper nondestructive evaluation

(NDE) or an improved ceramic] the material components can do

this every time and , of course , for at least a duty cycle of
200 hours. In addition , foreign object impact damage still

needs much more attention (althc-ugh clearly of greater impor-

tance to a jet engine). Most members of the ceramic community

have expressed concern as to whether a monolithic ceramic can

be successful (at least in taking full advantage of ceramic

properties) for this application . This area engendered the
largest number of suggestions where it was thought that CMCs

ought to be researched.

Diesel engIne designs are wel l along the way to us ing
ceramics for their refrac tor iness and therma l insulat ion , with
an eye toward reducing or eliminating cooling requirements.
This goal is well worthwhile in itself. However , further sig—
nificant advances (particularly in areas of reduction of energy
use) can evidently be made by making all—ceramic hot moving
parts, thus taking advantage of the higher ceramic strength—to—
weight ratios. To do this would probably require composites ,

• but the design problems do not seem to have been explored (unless
by the private automotive firms).
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Preliminary designs for a closed—Brayton—cycle ship
propulsion engine (Chapter II, Section D—2) indicate that if a
ceramic heat exchanger could be built to operate for long
periods at 2500°F, the specific weight of the power plant could
be reduced by as much as a factor of ten. Such a heat exchanger

would see fossil fuel combustion products on one side (an inert
gas on the other) and must run at this temperature for about

10,000 hours (although not continuously) without need for serious
repair. While a stationary device , the long—term thermal

stresses and oxidation present extremely difficult problems .
In similar reasoning as for DOE ’s (Department of Energy) station-

ary coal—fired ceramic power—plant concept , many members of the
ceramics community have expressed concern about long—term
oxidation in silicon nitride and silicon carbide . They would
feel much easier , from this stan dpoint , if componen ts were
built of oxide materials for such long—term use . However ,
oxides would almost surely have to be toughened by compositing .
This is a strong argument for concentrating some R&D effort on

oxide—matrix composites , espec ial ly since it coul d also apply
to short—use—cycle—time engines.

c. Other Applications. There are a number of other less
well—definable CMC applications (see Appendix A , Section 9).
Two that should be mentioned here are ceramic bearings (most
likely silicon nitride ) and ceramic gun tube inserts (probably

alumina or zirconia). Another longer term use might be noz-
zles for chemical laser systems .

2. The Presen t Technolo gy for CMCs

On balance , our understanding of the technology of most
ceramic—matrix composite systems is increasing although still
incomplete. Generally speaking, innovative ideas are still
required, even though enough about the basic mechanisms has been
learned over the last few years so that the kinds of ideas needed
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can be fairly well defined. In other words, we now pretty well
know where we would like to go, but are not sure of the best
way of getting there . The situation is not unlike the very
early days of high—performance organic matrix composites; the

potential advantages were known but the understanding of prob-
lems in chem istry , phys ics , and the mec han ics of fa bricat ion
was weak .

Nonetheless , there have recently emerged a few ceramic
composites which are far enough advanc ed , or look so good , that
they are candidates for a 6.2 (or even 6.3A) effort . In every
case , as pointed out above , a deeper application benefit analysis
should be undertaken. The most obvious such composite is fiber—

reinforced concrete or castable refractory . Battelle has de—

veloped an iron wire (chopped) concrete to the point where large—

scale demonstration efforts on roads and bridges are under way .

This, or perhaps a continuous woven wire variation , could be

used , as an example , for experimental boat hulls. Ceramic

f ibers ( glas s or alum ina) have no t been worked on as much , but
there is every reason to think they could be used for near—term

application where oxidation precludes the use of iron (there

may , however , still be some prob lem abou t chemical interactions
between glass and Portland cement on curing). Refractories for

ship incinerators deserve special attention.

For aerospace uses , tantalum carbide fiber—reinforced
graphite is in good technological shape. Although not as far
along, particulate composites of boron carbide and graphite look
promising . An immediate application for either would be erosion—

resistant ballistic reentry vehicle nosetips. Although a com—

plicated system, various forms of silicon/silicon carbide/carbon
composites have reached a stage where consistent and economical
processing can be accomplished. They may have near—term useful-

ness in moderate increases of gas-turbine inlet temperatures.
e There is a promising possibility that silicon nitride can be
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surface toughened by a cold work process (in effect, this appears

to be particle compositing by stress—indu~ed phase precipitation).

This could be very useful for cold applications such as increas-

ing the reliability of ceramic roller or ball bearings. Finally,

continuous silica or alumina fibers in a silica or alumina

matrix have had enough previous R&D that the concept out to be

exhumed for radome use .

The last CMC system to emerge from this study , and which

is probably a 6.2 candidate , is a glass matr ix re inforced with
continuous f ibers of boron , graphite , or silicon carb ide. The
remarkable set of properties which can be obtained from this
CMC is discussed earlier in Section 1 of this Chapter (see page
5i4) and will not be repeated here . The Review Committee of the

IDA Workshop was unanimous in saying that this class of CMCs be
given a very high priority for near-term DoD development .

Most of the existing problems for CMCs fall in the 6.1

category . However , there are some negative conclusions reached

by the workshop which are useful.

• Metal (especially refractory metal) fiber—reinforced

ceramics are not promising for any high-temperature

application in an oxidizing atmosphere . It does not

matter whether t he me tal is grown in situ or not .

• Purely exploratory work searching for new chemical
composite systems no longer seems justifiable . It
is time to narrow down efforts to a few chemical
systems and understand their fabrication potential
and properties.

• Typical hot—pressing of refractory ceramic powders
with blended—in brittle fibers is likely an unpromis—
ing fabrication technique . A (positive) corollary of
this, particularly for oxides, is that directionally
solidified ceramic fiber growth techniques should be
emphasized.



Despite an impressive accumulation of knowledge , ~he mech-

anisms of toughening and strengthening (which , in general , are
two different things and frequently act in opposite directions)

are still not sufficiently clear in ceramic—matrix composites.
The most commercially successful CMC , partially stabilized
zirconia, is not really understood except in rather vague
terms (Ref. 10). Toughening is apparent ly due to stress—induced

metastable phase transitions , an d seems to work on ly when t he
high—temperature phase has a lower density than the stabilized

low—temperature phase. Whether the effect is limited to zirconia

systems is not clear , but the general phenomenon of stress—
induced phase transitions deserves a specific study .

Directionally solidified (DS) growth of oxide fibers or

lamellae in an oxide matrix has been successfully demonstrated

in se’ieral materials systems (see Appendix A , Section 2). This

is presently a long slow process and it has often been suggested

t~Aat scale—up problems may preclude such CMCs from being prac—

Acal. While this is possible , the present study seems to m di—

cate that such in situ growth may well be the onl y way in which
useful high—temperature oxides can be ceramic fiber—reinforced.

Certainly it has the potential for yielding excellent micro—

structure configuration. While previous DS oxide/oxide R&D has

been good work , it has no t been in tens ive and very lit t le e f for t
has been devoted to fabrication techniques as such. This seems

important enough to warrant a broader study.

Silicon nitride and silicon carbide have had the heaviest

attention ,- over the past 5—7 years , of any of the monolithic

ceramics. This is perhaps as it should be , but there have been

numerous expres sions of concern that su ch monol ith ic ma terials
might not be able to fully satisfy the needs of their strongest

driving application , namely the gas turbine engine . Compositing

them with ceramic fibers would seem to have a very high priority,

but no one is quite sure how to do it. In 1970, Lmndley and
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Godfrey (Ref .  11) reporte d results  of putting long ( but discon-
tinuous) silicon carbide fibers into a silicon nitride matrix.

The results looked good; the fracture surface energy was in the

range of cas t iron . However , nothing more appears to have been
done perhaps because their silicon carbide fibers were vapor

deposited on a tungsten substrate. As pointed out elsewhere ,

such a fiber encounters thermal stability problems around 850°C

and canno t be used to higher temperatures.  It is possib le work
is under way In the United Kingdom which escaped the attention

of the authors. In any case , better silicon carbide fibers are

now available and a new look ought to be taken. In 1968, the
AFML carried out a short research effort (at Stanford Research

Institute , Ref. 12) to grow in s i tu  silicon nitride whiskers
in a silicon nitride matrix. The work was dropped because high

density bodies could not be obtained. However , the conc ept
may well be f eas ib le an d certa inly another study should be made
(the AFML project had little publicity and none of the workshop

participants wa s even aware of it ) .

A seemingly promising area of research for silicon nitride

(and maybe silicon carbide) is to look for appropriate ways of

making sols and gels perhaps similar to the way silica gel is

made. The advantages can be very high (see paragraph above)

provided it can be done. It is not immediately obvious that

the nec essary chem ical precursor compounds ex ist tha t wou ld
permit silicon nitride to be precipitated from a room tempera-

ture solution . Perhaps an arc discharge- technique in liquid

ammonia using silicon electrode might work (similarly to how

collo idal gold prec ipitates are made) ,  but it apparently has
never been tried . There was really no one involved in the
workshop who was experienced in silicon—nitrogen chemistry and
the authors feel that an appropriate consultant panel ought to

consider the question more deeply .

It appears to the authors (and others ) that the corrosion
properties of silicon nitride and silicon carbide have not been
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sufficiently researched. These materials depend for their

oxidation resistance (other than merely decreasing porosity as

much as possible) on a self—healing film of vitreous silica

(or , moce general ly,  silicates). This, of course , is also the
oxidation resistance mechanism of silicides. There are known

difficulties , at certain temperature regimes (e.g., quite low

tempera tures ) ,  with the oxidation of both silicon carbide and
mo lybd enum disilicide. Manufac turers of silicon car bide fur-
nace heating tubes carry a warning to the user not to run them

very long (in air) at temperatures around 900—1000°C (1832°F).

Above and below this temperature range the oxidation resistance

is good , but in that range the silicon carbide will oxidize

reasona b ly rapid ly .  Suc h a phenomen on also ex ists for silicon
nitride though no publications were found . This whole subject

may or may not be a problem in gas turbine applications but it

does not appear to have been very deeply considered (consider-

ing its potential implications).

A very significant area for 6.1 research attention is that
of innovative CMC processing techniques. In 8 i tu  DS ceramic
fibers in a ceramic matrix have already been mentioned in the

context of oxide/oxide composites. As a broader statement ,

attempting to hot—press fibers (nonmetallic) in a refractory

ceramic powder will genera lly no t work well enough to ever
warrant cons ideration as a manu fac tur ing metho d . Var ious
possible methods are discussed in Appendix A , Sec tion 8. Some
gas—solid (or liquid—solid) reaction techniques are already
being used for the monolithic ceramics. Others , such as in s i tu
pyrolysis (or copyrolysis) of precursor polymer fibers, are

p rea lly just concepts. Sol—gel powder preparation to form very
fine (almost atomic) dispersions of one material in another
looks promising. High—pressure , high—strain—rate (e.g., explo-
sive) forming has never been seriously applied to ceramics ,

p partially because of cost. However , the workshop panel agreed
that such techniques have high potential and that joint programs
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between DoD and DOE (wh ich is where the expertise presently
exists) should be seriously contemplated .

B. RECOMMENDATIONS FOR DoD ACTIONS

From the discussion of Sect ion A, there is left  lit tle
doubt that the potential usefulness of CMCs to DoD systems is
high and very broad in scope. With a few exceptions , it is

not quite so clear wh ich areas of tec hnology are likely to
prove the most promising for instigating R&D programs. In

Option I, below , the au thors have at tempted to lay out one
suggested program involving what appears to be the smallest
and most effective investment of resources. Option II lists
additional desira b le projec ts if (or when) grea ter resources
become ava ilable. Since CMCs , as a whole , form a cohe sive tech-
nology with common basic problems regardless of the specific

mater ials involved , it is stron gly recommended that the program
be organized as a single coordinated DoD effort to permit the

best use of funding.

O P T I O N  I :  S U G G E S T E D  M I N I M U M  CMC P R O G R A M

No attempt will be made to lay out a schedule or to

delineate between in—house or contract work. Since almost all
projects would be new starts (even if serving the needs of an
ongoing program), only the first year ’s efforts is indicated .
It is understood that each project would be reviewed periodically
with the direction or funding altered as appropriate. The
suggested projects are listed in order of closeness to appli—
cability and seeming potential. Estimated resources required
for the first year, in man—years ( M Y ) ,  are shown for each. These
estimates reflect a minimum meaningful project size based on the

authors ’ background experience.
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1. Near-Term ~~ years)

1 .1 Ceramic Fiber/Castable Refractory . To investigate
chopped alumina fiber In typical high alumina refractory liners
for use in newly developing Navy shipboard multifunctional in-

cinerators . (3 MY)

2. Mo derate-Term (2-5 years )

2.1  Nonmetallic Continuous Fiber/Glass. To invest igate
boron , car bon , and silicon carbide fibers imbedded in various
glass matrices. An intensive applications tradeoff study is

suggested as part of this. An existing Air Force project is
about a one man—year per—year-effort on alumina fibers for

possible radome use. (2 MY)

2.2  E ros ion -Res i s tan t  RV Noset ip .  To investmgate further

existing carbide/graphite composites developed by Los Alamos

and by NRL for reentry vehicle nosetip application. There is

a small existing Navy contract , estimated at about one MY per

year . ( 2 MY )

2.3 Oxidation Resistance of SIC and S1 3N4. To investigate
the stated problem so that reliable projections can be made to
10,000 hours. Also , the question of short—time low—temperature
(about 900—1000°C) should be resolved. While not strictly a

CMC project , the results could have a strong impact on the
urgency of future CMC investigations. (1 MY)

3. Long -Term (>5 years )

3.1 SIC and S1 3N4 Flbers /S1 3N4. To investigate the use

of the newer SIC long f ibers in a Si
3
N~ matrix. In a concurrent

part of the project , investigate the in si tu incorporation of

fibrous or whisker—like SI
3
N~ in the same matrix. (2 MY)

3.2 OxIde Flbe rsJOxlde. To investigate further in si tu
DS oxide growth in oxide matrices with special attention to
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improved processing techniques. This is an important backup
techno logy in case SIC and Si

3
N~ prove impractical. (2 MY)

3.3 Sol-Gel techniques for Carbides and Nitr -tdes. To
explore innovative sol—ge l methods for precipitating (or copre—
cipitat ing ) very f ine part icle composites , particularly relating
to SiC and Si

3
N~ . The Navy has some sol—gel in—house research.

( 1 MY )

3.4 In 8itu Copyr olysis of Fibrous Precursors. To explore
innovative methods whereby reinforcing fibers can be formed in
place (within the matrix) by pyrolytic techniques. The Navy
has a small in—house effort . (1 MY)

3.5 Toughening and Stre ngthenin g Concepts and NDE. To
better understand the nhicromechanics of CMCs and potential NDE
techniques. The Navy has an in-house effort . (2 MY)

The total estimated resource effort required for Option I
is 16 man—years for the first year.

OPTION II: SUGGESTED DESIRABLE CMC PROGRAMS

This option ±ncludes Option I and the following suggested
projects.

1. Near-Term (<2 years)

1 .1 Metal Fiber/Concret e. To Investigate and expand on
existing iron or steel—fiber—reinforced concrete for possible
application to castable boat hulls. (2 MY the first year)

2. Moderate -Term (2-5 years )

2.1 SIlicon Carbide /SilIcon/Carbon. To investigate the
application of existing technology of either preform SiC/Si or
molded SIC/Si/C materials for medium—temperature gas turbine
engines. (2 MY)

2.2 CMCs for Gun Barrel L iners. To investigate the
various concepts , and their potential benefits whereby CMS could

6~ 
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be applied to the gun barrel erosion and wear problems .

( 1 MY the f irst year )

2.3 CMC5 for Ceramic Bea rings. To investigate concepts
whereby ceramic roller and ball bearings (especially Si3

N,~)

might have their life and reliability significantly increased

by the use of CMCs . (1 MY the first year)

2.4 Boron Ni t r ide Fibers /Boron N itride. To investigate

techniques of producing high-performance BN fibers and incor-

porating them into a dense SN matrix. The first application

would be RV antenna windows , but there will be others depending

on the results. (2 MY)

2 . 5  Alumina , Silica Fibers /A lumi na ,  S i l i ca .  To reinves—

tigate the fabrication of filament—wound reinforcement in a

silica or alumina matrix for erosion—resistant radome use.

The fibers could be quartz or alumina . This could be a 6.3A

project. (2 MY)

3. Long-Term (>5 years )

3.1 CMC Fabrication Techniques. To investigate the

utility of Innovative CMC fabrication methods. This would

include a more thorough look at flame spraying, plasma spray—

ing, chemical vapor deposition , explosive forming , etc. Exper-

t ise ex ists in the coun try for eac h of these me thods (al beit
for other uses). (3 MY)

The supplemental estimated required resources are 13 man—

years , so that the total resources for Option II are 29 man—
years for the f irst year .

If the DoD decides that the military applications described

above are nee ded , then the recommendat ion is made that the DoD
consider and implement one of the two suggested options .

I
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APPENDIX A

TECHNICAL OUTLINE OF WORKSHOP ON CERAMIC-MATRIX COMPOSiTES

The workshop on ceramix—matrix composites held at IDA on

8—9 September 1977 was attended by about 15 persons . This work-

shop was intended as an informal discuss ion , in depth , and not
as a seminar with formal papers . Some of the attendees, how-.

ever , were requested to give short talks as an introduction to
specific technical areas ; this appendix gives short excerpts

from a few of these talks. The format varies but generally

will be a short resume (or explanatory comments) plus pertinent

data (usually unreferenced) presented by the speakers. The

authors made no attempt to analyze the sections; in fact , the

sections are frequently left in the form of a vugraph briefing .

The purpose of Appendix A is to present some of the raw infor-
mation made available to the workshop participants. A short

but useful outline of notes on the entire workshop is given in

Section 11.

Appendix B is a list of respondents whose replies to the

survey questionnaire were used by the CMC Workshop . Appendix C

conta in s the survey quest ionna ire sent to over 300 persons
knowledgeable In the science and engineering of high—performance

ceramics.

p
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1. OXIDE MATRICES/METALLIC REINFORCEMENT*

The prob lem area s assoc iated with th e use of metallic re-
inforcement of oxide ceramics are summarized in the following

tabulations . Although the utilization of in ai tu  grown metal
oxide—metal eutectic structures offers some improvement over

incorporating metal wires in a hot-pressed oxide matrix , the
inherent lack of ox idat ion res istance of bot h mater ials severely
limits utilization for any practical applications. These ma-

terials exhibit major improvements in impact and work of frac-

ture values compared to pure oxides at room temperature , but no
success has been made at retaining these properties at elevated

temperatures (>1000°C).

Contributor : A .T. Chapman .
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2. OXIDE MATRICES/NONMETALLIC REINFORCEMENT *

Examination of oxide—matrix composites can be on the basis
of microstructural features of the “reinforcement ” phase. On

this basis , the existence of a very fine or a dispersed phase

is one category , a much larger particulate phase is a second
one , and the fibrous or lamellar structure is a third . The dis-

persed versus particulate category may be divided at about the

one—m icron level , whereas the fibers or lamel lae may be con-
sidered cont inuous.

The dispersed second phase in oxide composites may be con-

sidered on the basis of dislocation processes or crack processes.

The use of precipitates via precipitation hardening has been

unequivocally demonstrated to affect dislocation processes as

increased microhardness in at least two systems——spinel and

sapphire. Modest hardness increases (about 20%) have been re-

ported in single—crystal alumina—rich spinel , heat—treated to
yield a metastab le A1203 precipitate. Similarly, a Ti02—rlch

prec ipitate forms in the clas sical star sapphire with an attend-
ant increase in the hardness. There is little doubt that the

classical precipi ta tion harden ing process can be successful ly
applied to some oxide systems. It has been amply demonstrated

in single crystals , but to date has not achieved any form of
large—scale polycrystalline structural application.

The interaction of cracks with precipitates in spinels has

also been demonstrated as they exhibited increased strength and
decreased susceptibility to slow crack growth. No commercial
application has been advanced .

Contributor : R.C. Bradt .
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The interaction of cracks with a precipitate phase has also

been clearly demonstrated in partially stabilized zirconia (PSZ).

A zirconia body with a cubic phase stabilizer (Y203, CaO , or
MgO) is heat—treated in the cubic + tetragonal phase field .

Upon cooling to lower temperatures , a microstructure of cubic

zirconia containing metastable tetragonal precipitates results.

When a crac k is stressed , the crack tip stress field causes the
metastable tetragonal zirconia to transform to the stable mono—

clinic form . An increase in toughness results. Fracture tough—

nesses between 5 and 6 MN/m3”2 have been reported , and strengths

approach 100,000 psi. It is expected that this strong/tough

material will exhibit enhanced properties to about 1000°C. In

addition to the many research efforts concerning this concept ,

a related material is being marketed in the form of dies for ex-

trusion and wire drawing . Thus it is commercially available in

bulk form .

Felated to this metastable precipitate phase transition in

a crack t b -  stress f’ield to yield enhanced toughness and strength

Is the development of a completely metastahie body of tetragonal

zirconia. Through proper additives (same as before) and small

particle sizes , a dense tetragonal body can be achieved . Crack

tip stress fields cause a conversion to the monoclinic form .

Fracture toughnesses as high as 9 MN/rn
312 have been reported ,

along with 100,000-psi strengths. Again , about a 1000°C upper

limit is anticipated . No commercial forms of this have been

marketed .

The incorporation of particulate oxide particles into an

oxide matrix has been thoroughly studied for Zr02 particles hot—

pressed in an Al203 
matrix. Several points are clear and may

be extendable to other systems . There is absolutely no doubt

that crack/particle/microcrack interactions can increase energy

dissipation , perhaps arresting cracks. However , particles also
• serve to lower strength in most cases by creating “microcracks. ”

It is reasonable to assume that little , if any, increases in

A— 7
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strength can be expected from particulate additions. Submicron
particle additions may overcome these problems where particle—
associated microcracks are much smaller than intrinsic micro—
structural flaws.

Although not a ceramic second phase, there are two areas
of ceramic matrices that merit some attention. One is polymer
impregnation of concrete and/or structural clay products and
the other is the use of natural structures, such as coral and
wood , to develop a ceramic matrix. In these cases, the pore
“filler” usually has only low—temperature capabilities and not
very promising strengths , although strengths do reach two to
three times their nonimpregnated values. This type of ceramic
composite where both phases are continuous does have some merit
for low—temperature , low—strength considerations .

Continuous fiber or lamellar oxide composites have been
developed by directional solidification of oxide—oxide eutectics.
These possess good hardness, wear, toughness, and creep charac-
teristics, as well as excellent high—temperature (>1500°C)
strengths. Most of the structural and many of the property
characteristics have been established . For commercial use,
sizes greater than about one inch in diameter have not yet been
directionally solidified . Potential for the large sizes does
exist at the Army Materials & Mechanics Research Center (AMMRC )
facility.

In summary , promise exists for use of oxide composites in
structural applications. Some outstanding properties have been
obtained. Based on the metastable zirconla studies, as well
as the directionally solidified eutectic studies, it appears that
in aitu—type composites offer the best promise. That Is, par—
ticulate composite results suggest difficulties in taking the
two components as separate sntities and consolidating them.
Many questions need to be answered , particularly concerning the

fundamentals as well as commercial scale—ups. Some concern the

A-8
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metastable phase approach. What makes a metastable phase? and
Can any phase transition be used? How can some of the other
composites be scaled up? Very Interestingly, the only example
which has “real” success and is commercial in nature, PSZ, is
also the least fundamentally understood .

A—9 *
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3. SILICON AND SIC MATRIX COMPOSITES*

SIC—SI composites ’ technology has advanced to the commer-
cial state for several compositions . The United Kingdom ’s
Atomic Energy Authority REFEL and Norton ’s NC ~43O are available
In commercial quantities with the attractive properties listed
in Table I.

Other types of processing dealing with the formation of
SIC fibers In a silicon matrix (Ref. 1) and with transfer molding
of SIC—polymer compositions (Ref. 2) to form SiC—SI composites
are In the development stage and have yielded potentially useful
refractory parts for gas turbine applications . A summary of
their physical and mechanical properties Is shown in Table I.

TABLE I

PROPERTIES OF SIC-S i COMPOSITES (Ref. 2

SIC Density Rupture Young’s
Vol * g/cc Strength (Kpsi) Modulus (106 psi)

Coarnerci ally Available

REFEL Extruded 90 j . l0  76 60

Nortofl NC 430 Slip Cast 90 3.1 45 54

In Devel oprient

Ford Transfer Molded 90-95 3.14 70 60

General Electric 80—85 2.87 70 57
Inf il trated 40—45 2.70 48 44
Carbon 20-25 2.60 30 29

_ _ _ _ _ _ _ _ _ _

Contributor : T.J. Whelan.
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The principal advantages of these materials are that they
can be formed from initially Inexpensive materials to final
shape with less than one percent of dimensional change during
processing . Another important advantage is that they yield
high strengths essentially Independent of temperature to about
1300°C. Both isotropic and anisotropic strength properties can
be developed by the General Electric process.

Their principal weaknesses are that their creep properties
have no~ been characterized at temperatures beyond 1000°C, and

strength\ at the present level of development are less than
those reqtI~red for some Important structural uses such as the
ceramic ga~\turbine rotor .

The futi.t~e potential for these materials will increase as
improvements are made In strength and reliability. Much basic
research must ~~ accomplished to more fully understand the
strength—control~Ing factors such as flaws, flaw distribution,
and the intergrowt’hThf 8-S IC  crystals during processing . The
joining of Sic—Si composites , and material behavior to high—
pressure H2, should be investigated to meet potential require-
ments for the Stirling engine applications and other high—tern—
perature structural uses.

Recent development of SIC fibers (Ref. 3) of high tensile
strength (300 ksi) open up the possIbI~ 1ty of employing these
fibers in a silicon matrix or a chemical vapor deposition (CVD )

4 SIC matrix. Potentially , very high strength material could be
developed with the desirable anisotropic mechanical properties.

REFERENCES

1. W.B. Hillig et al., “Silicon/Silicon Carbide Composites,”
• Bull. Am. Ceram . Soc., 5~ , 12 , l05~4 , 1975.

2. T.J. Whelan et al., “Progress on Injection—Molded ,
Reaction-Bonded SIC” in Ceramics for High Temperature
Applications II, Proceedings of the Fifth Army Materials
Conference , Newport , RI, March 21—25, 1977.

• 3. R.L. Crane and V.J. Krukonls, “Strength and Fracture
• Properties of Silicon Carbide Filament ,” Bull. Am.

Cerain. Soc., ~~~~ , 2, 1811 , 1975.
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INJECTION-MOLDED, REACTION-SINTERED SIC

MILL SIC I MIX THERMO- INJECTIONTO PROPER L SETTING I M~ ~ 
CARBONIZE

PARTICLE E PLASTIC & ~] ““ 1200°C
SIZE MILLED SIC I 150 °C

— — —

INSPECT
MACHINE SILIC IDE MEASURE

L WITH STEEL —
~ VACUUM — MACHINE WITH

TOOLING 1500°C DIAMOND
TOOLING

PROPERT IES OF INJECT ION-MOLD ED MATERIALS
• FORD SiC FORD Si 3N4

DENSITY G/CC 3.111 2.20
TRANSVERSE RUPTURE

STRENGTHS K~si 55 214
THERMAL EXPANSION

io-6rc 4.3 1.3
THERMAL CONDUCTIVITY

• CAL/S~C-CM- °C 0.50 0.03
E1 10b psi 53 17
G5 i06 ps i 22 7
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4. CARBIDE- GRAPHITE COMPOSITES*

Transition metal carbide—graphite composites have been

thoroughly studied for many years , originally as part of the
nuclear rocket engine program arid lately as a potentially
erosion—resistant nosetip material for ballistic reentry ve-
hicles. The carbides used most recently are those of tantalum
and of’ t an ta lum—niobium solid solutions. By now , these are no
longer considered new materials. Standard operating proce-
dures have been developed for all manufacturing steps , and
they are probably better characterized than many commercial
materials. As an example , the following list gives the prop—

erties that have been determined for mixed NbC .TaC—C composites

along the range of property determination. These may be con-

sidered vaiable products , well beyond the development stage.

A recent reference (Ref. 1) is cited .

REFEREN C E

1. C.M. Hollabaugh et al., “Chemical Vapor Deposition of
• Tantalum on Graphite Cloth for Making Hot-Pressed Fiber-

Reinforced Carbide-Graphite Composite ,” to be published
in Proceedings of the Sixth International Conference on
Chemical Vapor Deposition , October 10—13, 1977, A tlanta,
Georgia.

•

1’ _ _ _ _ _ _ _  LContributor : R.E. Riley.
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STUDY OF 46 yb NbC~TaC-C HOT-PRESSED COMPOSITES
LIST OF PROPERTIES AND EVALUA TIONS (Source : R il ey )

Property or
Evaluation Conctitions or Range Remarks

Electrical Bocm ~~mperatux e (RT) Both Parallel and Perpendicular
Resistivity to Pressing Direction

ElastiC I~bdulus RT to 2500’C Dynamic Technique, Parallel to
• Pressing Direction

Thermal Expans ton ET to ‘~~ 2500’C Optical Tracking, Paralle). to

F Pressing Direction

Thermal Conduc- Room Temperature Contact Probe
tivity 

. Technique
to 800’C Cut-Bar Technique

Tensile Strength . .~ oo~~~n~c~atuXe Standard Tensile ~
Samples ) Parallel

Compressive Strength Boom Temperature Standard Crush Only
• Samples

Bend Strength RT to 2500 C i-if~” Rods, Thirds Point
Loading, Parallel and Per-
pendicular to Pressing Di-
rection .

Notched Tensile RT to 2200’C 1/li ” Din. Rods with Square
Strength Groove, Paral lel Only

Compressive Defor- 2700 ‘C, 2000 lb/in2 30 MInutes (Parallel and Per-
nation 2 ( pendiculer to

2700’C, 2000 lb/in 1 Hour ~Presaing Direction

X-Ray Al]. Pressings Pressings Showing Non-Uniform-
ities Were Rejected

Chemical and Sample of Each Nb, Ta, ‘1bl~al Carbon, Pree
Spectroscopic Starting ~brmu- Carbon ; Spec. for W~ajor

Analyses latioa Impurities (Iron is Major
Impurity)

• Steady-State ET to L500 C Relative Rankings in Thermal-
Thermt.1-Strese Stress Practure Resistance
Resistance Were Determined on Washer

Samples Oriented Perpen-
Thermal-Shock RT dicular to the Pressing Di-

Thermal-Stress rection
Resistance

A— 1 6
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AVCO - 10MW ABLAtION-EROSION RESULTS

COMPOSITION RECESSION RATE IN./SEC
55 VOLZ (50 WTZ TACs5O WT NBC) + 45 VOIX -325 M-3 0.659

46 VOLZ (50 WT~ T*Cs~O WT~ NBC) + 54 VOL! -325 M-3 0.695

46 VOLX (50 WTZ T*C’50 WTZ NBC) + 30 VOLZ -325 11-3 0.82 3
+ 24 VOLE 6wi HMS FIBE RS

40 VOLZ HFC + 60 VOLI 0.6 ~M 11-5 1.258

ATJS - GRAPHITE 2.587

Ab lat f on Perfo r~.nce of Hot Pressed
Carbide-Graphite Co~ osi tes versus Graphite
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5. SILICON NITRIDE MATR IX*

In order to increase the impact and thermal stress prop-

erties of silicon nitride , wor k has proceeded over the last
several years to incorporate fibers as a reinforcement . This

work is described in a series of United Technologies Research

Center reports; the most recent is Ref. 1.

For a variety of’ reasons brou ght out in these repor ts,
the reinforcement choice was narrowed down to tantalum wire .

In general , such reinforcement gave rise to very large in-
creases in the impact resistance properties and significant

increases in resistance to thermal shock. Reinforcement oxi-

dation problems , however , were severe and attempts to pre—
su icide the tantalum did not have much success. The follow-

ing vugraph—type charts illustrate some of the properties ob-

served in such composites. For similar efforts in S~a1ons ,
see R e f .  2 .

REFERENCES

1. J.J. Brennan , “Investigate Fiber Reinforced Silicon
Nitride ,” NADC—76 1147--30 , 31 March 1976 (AD ~O25—9Ol).

2. T. Vasilos , “Development of Fiber Reinforced Sialons,”
REVNAT Program Final Report on Contract NCD921-75-C-

• 0155 to Avco Corporation by NSWC , 2 AprIl 1976.

fl

Contributor : J.J. Brennan .
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• Potential Advanta ges of Si3N4Matrix Composites

• Increased impact resistance

• Increased strength

• Increased fracture toughness

• increased thermal conductivity

Candidate Si3N4 Matrix Composite Systems
• Continuous fiber reinforcement

• Ta - Brennan , Rhodes, Vasilos

• Mo - Brennan , Rhodes1 Vas i los

• Cb - Brennan

• W - Brennan

• SIC - Brennan , Lindley

• C- Brennan , Vasilos

• Re - Rhodes

• Discontinuous fiber or particle reinforcement
• SiC - Lange , Richarson, Rhodes, Brennan

• Zr02 - Claussen
• Si3 N4 - Rhodes

• C- Rhodes

A-20
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Si3N4-Ta Impact Properties

Charpy impact

• Total impact energy for Si3N4- Ta increased by
a factor of 30 over monolithic Si3N4, RT to 13000C
(15 ft -lbs compared to 0.5 ft-lbs)

• Threshold energy for damage for Si3N4 -Ta
increased by a factor of five over monolithic Si3N4,
RT to 1300 0C (2.5 ft-lbs compared to 0.5 ft -Ibs)

• Fracture mode changed so that S13N4 matrix
shatters upon impact

Ballistic impact

• Energy for ballistic impact damage initiation increased
by a factor of 8, RT to 1300 0C (4 ft-lbs vs. 0.5 ft -lbs)

~~~~~~~~~~~~ 1Es ~~~~~~~~_

Impact Properties of Si3N4 Ceramics

Ta reinforced (3 ft Ibs) 
10

a

Ta reinforced (18.6 ft Ibs) Shattering •:~
~ 6 - :~~~:

- 

Cracking

Monolithic (0.5 ft Ibs) a 2 -

_ _ _ _ _ _ _ _ _  — -H ~~~~ 
‘

~~~~~~~~~~~~~ SI3N4 S13N4-Ta

Charpy impact at 750 F Ballistic impact at 2400° F

A— 21
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Thermal Shock Characteristics of S13N4
and Si3N4 -Ta Composites

Test Heating test samples in air to tem peratures from
• 4000 C to 1400~ C followed by quenchin g in

cold water .

Results - Si3N4 plate of 1/8in x 5/Sin x l  1/4 in dimensions
withstood a ~T of up to 6000 C with little or no
damage or loss in properties , using either 5% MgO

or 10% Y203 additives. Initial test on S13N4-Ta

plates sho wed that a ~T of greater than 6000 C
was necessar y to caus e damage

Si3N4-Ta Therma l Shock and
Fatigue Properties

Thermal shock

• Increased thermal conductivit y for Si3N4-Ta
result s in 1000 C M increase to cause
crackin g in water quench thermal shock tests

Thermal fatigue

• No chan ge in thermal fati gue characteristics
for Si3N4-Ta vs. monolithic Si3N4. Both

• i• materials can withstand over 600 cycles

L between RT and 1300 °C in f luidized bed tests.

~1
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Thermal Conductivit y vs Temperature for Ta• 
Reinforced Si3N4 and Norton NC- 132 Si3N4:: ~~~~~~~~~~~~~~~~~~

Thermal conduc t Ivity 
30 ~~

• (W/m- ) 20 -

• NC-132 Si3N4 (Norton Col’
10-

I I I I• 00 200 400 600 800 1000 1200

Temper ature -

Fl 03-36 4

S13N4-Ta Fractur e Mechan ics
Notched beam tes ts

RT criti cal str ess inten sity fac tor (Kj~ ) of Si3N4-Ta higher
than matri x alone. (8.57 MN/rn 3/2 vs 6.75 MN/m3/2 ).
Si~ N4 -Ta KLC at 1300 °C lower than matrix alone.
(5.36 MN/m3/2 vs . 8.00 MN/m3/2 )

S

Double torsion tests

Crack gr owth rates in Si3N4-Ta Comp arab le to matrix
(Y 203 additive) at RT and 1300 0C.

~
• 

c,__._ 
,, Os-.,
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Si3 N4-Ta Creep Properties

Test - 3-pt bend at constant stre ss of
15,000 psi and 1300 0C.

Results - S13N4-Ta stea dy state creep rat e
of 9.2 x 10~~ hr twice as good as

matrix (1.8x 10 4 hr) . Improved
matrix of high purity Si3 N4 + 15% Y203
reinfor ced wi th Ta wires gave even lower
rates (1.5 x iO 6 lw).

Si3N4-Ta Liabilities
Decrease in stren gth

RT MOR 1300 O~ MOR RT Tensile

Si3N4— 15% Y 203 130 ksi 100 ksi 85 ksi

S13N4 +15%Y 203 25%T a 100 ksi 70 ksi 25 ksi

Increase in densit y

Si3N4 + 15% Y 203 - 3.4 gms/cc

S13N4 + 15% Y 203 + 25 vo l % Ta - 6.7 gms/cc

• Decreased oxidatio n resistance

Increased fabric ation difficult y

OS S7

A— 214
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p 6. FILAMENT REINFORCED GLASS-MATRIX COMPOSITES*

The reinforcemen t of glass matr ices with advanced f ilament s
dates back to the late 1960—early 1970 period when both boron
and car bon f ibers were ut ilize d successful ly  to form high
strength composites. At that time , however , the much greater

emphasis on resin and metal—matrix composites tended to retard

progress in this area. The recent resurgence of interest in

• ceramics and Intermetallic compound s as structural materials ,

as we ll as the great interes t in ach iev ing compos ite mater ials
with higher use temperatures , has warranted a reexam inat ion and
extension of glass—matrix composite technology .

* Four continuous high—performance filaments are currently

being used to reinforce glass—matrix composites: two large

diameter monofilaments (boron and silicon carbidc ) and two multi—

filament yarns (carbon and alumina). It can be shown that the

use of each of these fibers provides unique advantages and , in

some cases , disadvantages to the resultant composite.

The mechan ica l propert ies of t hese systems are discussed
and it is shown that very high levels of axial tensile strength

can be achieved over a wide range of temperature . These strength

levels exceed those of any currently available composites at tem-

peratures above ~400°C on both an absolute and specific (strength
divided by d e n s i t y )  bas i s .  Of even greater  possible s ign i f icance
is the demons t ra t ion  of’ composite f r ac tu re  toughness equivalent
to that  of meta l l ic  engineering a l loys .

Contr ibutor : K . M .  Prewo .

A-2 5



At present , it is perhaps too early to predict the future
of glass—matr ix  c omposite appl icat ions.  The current interests
in alumina f iber  reinforced glass as a radome material , and
graphi te  reinforced glass for high—temperature s t ructures, are
still  only emerging . It will  require s igni f icant ly  more in-
terest and time on the part of designers and materials scientists

to find the unique combination of’ material  and application that
will lead to the f i rs t  engineering use.  This is , however , as it
has always been for new composite systems .

A— c6
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Prsvlous Work

• Doron r.Inforcsd glass
• Bi.f .rt 1971.1974

• Carbon reinforcid glass

• Sambill and Phillips 1972.1974

• Carbon rsi nfocced lithi um alumlnos llicats
• Lsv lt l 1973

S 
~~~~I~~~~ I1 I  O _..,

Why Look at Glass
* Matrix Composites Again?

• Plew and lowsr cost fl bsrs

• a Advanced status of compo alta matsr ial tachno logy

• Rssurgencs of interest In ceramics

• Interest In us. of int.rm.taMc compound s
(11*1, 113*1)

S

ma r’ ~~~...
S \__
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RO~ON RUIFO~~ID GLASS
• .5% S$5 b~*~ VMS ii...
O 10%uS.Sbs,seu1’Tø~~sN
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3-pt Rand S~snth k~ Air vs Tan~sraturs for
Pyrex 7740 Glass- 5.5 MM SIC Con~osIt.
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W~~~IQ 14I~~~~~~~~~4i10
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1100 /“~ no
in. ~~~~~~~~~~~~~~~~~~~ 4 • 700
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Notched Beam Load vs Dlsplacsm nt Curves for
Pyrex 7740 GJass/35 vol%, 5.6 Mi

SIC Composite
110 — 

RT,k~~.17.1ksIvE

Load 

‘

~~:

; 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Narn di placsmsnt .5z10~ kiJdlv

\ I~~~~I~~IS~’ Ga..

Flexural Strength of Hercules HMS- lOK Fibe;
ReInforced 7740 Glass as a Function

of Test Temoeraturs
pssirnen act ib.1$5 

—- Annóibj~
1000 5C0 C at

Strain t Aooc
1.00 paint I

~~~iw.I sIr~~qth, 510 0 I I 100
MP.~ 1100 I I~

$00 1 (10~ psi)

400 10

0 *00 400 600 $00 1000
0T•st t.mp.ratur. ( C)
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HMS-7740
Three Point Flexural Test

______ —

650°C

700°C

- _ _

600°C 7000C

NOTED TECNOIOWGIES
~ESE*~ CN CENTER ~~

Elastic Modulus Comparison

Syst .m p 
~~~~~~~ _____  

E~ 1

_________  

(gnt tm3) ((Win.8) 
- 

10 pci GPa i08/~sI4I~’In.3

HMB 7740 
0.071 IS 193 3.94

2.30 0.083 30 *07 3.6 1

$Q’
~/~R-AI $70 0~097 33 117 3.40

43V/ I-Ti 3.70 0.133 34 234 LIS

.5 ~
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0 Hercules HM$.7740 (UTRC)
~ Tho rnet.50.202 Al wire

CNSSC rept 1970)
100 - -  -—--- - --

0

:::
\ All ay
~ iut.atia

~80 480 ~~ s~Uiooo
list t.mp.ratur. (°C)

I

Fractur e Toughness Specimen Test Data
NMS. 7740

Sp~~k~.n Test Spu d  Test Temp K 0 
- - 

insrgy psr unit aria
(cmflnin ) •~ MN/rn312 I 03 p51’ijhi JouISsImt ft lbs/In2

1.5.140.1 20,000 22 21.4 10.6 23,500 11.3
-2 0.127 22 22.1 20.1 —

LI-151.1 20,000 000 15.8 14.3 10,000 5.1

.1 20,000 050 1*0 17.3 11,S00 5.7

-j
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Densit y
gm,cc Ibvln.3

It~
A

~
Puy 

J 
1.5 0.055

C*oIyImld. 
~~/

‘ 1.0 0.05$
-- -—- C/boroslll oat.

Ci~Iumlnum ~~~~~~~— ——— —— 2.3 0.053

L~lumlnu,n ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2.7 0.0*7
PP/glass /

FP/aluminum 3.5 0.125

B/titanium 3.7 0.133p. - - L - - __~ L - - 1 _4—~-
--_ 4 _~~~_— I — L__ .1 _-_- --

~~
-__

~ 
Op

300 600 ~00 000 1100 1300
I. — L . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~ - —

~~~0 100 200 300 400 600 600 too
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~~~~~~~~

__ _ _ _

-Th

Future of Glass Matrix Composites

a Advantag us C LImitations

• High 0~ UT$ • Low 000 UTS
• Higher us. tum puratu,u • Low talluru strain
• Environmental stability • Fabrication cond itions

• Low density

• Low coat materials

ww G ..., 5I-~~~-
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7. G ENERAL TEC HNOLO G Y OF C ERAMI C COMPOSITES *

A genera l review is given of the emerging concepts  of re-
inforcement toughening of ceramics together with some historical

background . Criteria are given as guidelines in modeling such

composites. One major reason for prior unsatisfactory efforts

to fabricate composites has been the use of large—size particles

or f ibe r s .  A genera l rule of thumb is that this size must be
significantly smaller than the critical flaw sizes. Some of the

present theories of reinforcement toughening are given and some

supporting data.

A short discussion of fabrication techniques is also given.

Two concepts that appear attractive are sol—gel processing

(where possible) and polymer pyrolysis. For the latter process

(forming ceramic fibers in si t u  by pyrolyzing organic fibers),
copyrolysis is possible and offers some potential flexibility

in incorporating different kinds of fibers into the same matrix.

While the following vugraphs are not annotated , t hey are
self—explanatory.

S

*Contr ibutor : I R . W .  R i ce .
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FOR “TOUGH ” CERAMIC COMPOSITES

5
OLDER :

1) Crack stoppers : Pores , Particles , Fibers

2) Reduce E or

3) Wire or fiber reinforcement

5NEWER :
Me :hanism Energy Tougheniflg at:
Reinforcement Absorption R .T. — 

H. T.
1) Fine fiber toughening X x H U

2) Fiberous pullout x U U?

3) Phase transformation x H L

4) Line tension x L

5) Microcracking x H L

6) Dispersion strengthening x L H

5
Not to be confused with second phase control of microstructure.

Wire Re inforced Ceramics *

I~LJ~~~ ~~~~~

~~~~~~~~~~~~~~~~~~~~~~~

W Bellisticafly Tested Aluslna—Nlchrome Wire Mesh
Composite , 3 16a1611n Wire Meshes

/ 2 / i ’ / 

-

Ballistica lly Tested Al umi na Specimen -

v -I

*After Jo hnson & Morgan
AFML-TR-7 0-54, Part II

Isflistically Tested A1p 1ns.Nicnr~~ Wire Mesh
Co~~osI t e . 3 Bat/ In Meihes

A —3
~I

~~~~~~ -~~“~~~
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Ear l ie r  C e r a m i c  Pa r t i cu la te  C o m p o s i t e s

1.

111
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~100 s

BeO - l O  yb BN
Hyper eutect i c carbide

*After Rossi , Aerospace Corp.

- A~’ 
E c ’Y E f > Em i n c r e a s e  E ...,

- C i ncreases  C~
1) Modulus limitation

2) L arge par t i c l e  or f i b e r  problem , p a r t i c l e  or
fiber -matri x interface acts as flaws

Typical
F iber Process fliameterü.tm)

Metal Orawn 25-200
Glass , A 1203 Melt drawn 50-250
B , SIC , B4C ,

T i B 2 cV O 50-300
C , A 1203 , S iC  P y r o ly s i s  

5-20
Sinterin g

Common ceramic flaw sizes 2O-50 ,u
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LIMITATIONS OF OLDER CERAMIC COMPOS I TES

1. Modulus li mitations .

2. Large particles or wires acted as flaws
low strength , li mited toughness increase.

3. Matrix flaws control ling.

4. Lack of synergism between matrix and fibers.

5. Lack of ox idation resistant fibers.

B SMALL CRACK-PARTICLE
iNTERACTiON

A LARGE CRACK-
PARTiCLE iNTERACTION ‘ ‘ ‘

/ INITIAL
I FLAW

FLAW
INTERACTING
WITH FIRST PARTICLE

T 2 r )~= + —  T m
~~~~~ d 3

r FLAW RADIUS
• MATRIX FRACTURE ENERGY

d PARTICLE SPACING

I 
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LINE TENSION STRENGTHENING

) 6

—4- 2ro u a  5 Aw / r 0 :100
1~ ~ ~~~~~~~~ 

ow/r0 : 10
2c i/ . j~~~~~~ . 4 ~ o w/r0 : 1_L 

~ç1 v w/ r 0 0.1

2w~~ ~~~~~~ ‘X\

J
1

c rac k ~ 0.1 1 10 1, 0 ii~ O
Propagat ion  a/r 0

A) PARTICLE IN HYDROSTATIC B) PARTICLE IN HYDROSTATIC
TENSION COMPRESSION

RADIAL RADIAL
TENSION t 1 COMPRESSION

COMPRESSION TEN~ ON

~‘ 

4_
4,
.+

CRACK CRAC~~~15
7 ‘~~~~~~~~,.

I
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AVO IO1NG INTERG RANULAR FAILURE
(in Large Grain Ceramic Composites)

A) Parti le in B) Microcr acking
Hydrostatic

Co mpress i on

Cr ac k~~~~~~~~~~~~~~

Z
~~

’

~~~~~~~~

”

\K~~~~~~
1
~~

darY I
’T.._~~~1

) Hoop Tension

Radial Co mpre ss ion

TOUGHENING BY PULL-OUT OF FIBERS
OR F I BE ROUS G R A I N S

-

~

I I
/ ~~~~~~~ 

1

A— 3
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CRITERIA FOR CERAMIC PARTI CLE COMPOS ITES

1) Small particle size

2) Me dium -h igh particle density (small particles)

3) Particle spacing > particle size

4) Control microcrackin g

12
~~~ (A 6) 2 E

P A R T I A L L Y  S T A B I L I Z E B  Zr0 2 (PSZ)

Fracture
~~~gn9th Ene9~

Large Grain 60-SO 250 
-

-

F i ne  Gra in  80-150 100 ,
-

PSZ•
- A~~~~ ~~~~~~ ~~

...e ~~~~~~ . p~z a..
H.P. S~3N A 100-150 25-125 ~~~~~~~~~~~~~~~~~

: 

Typical A1203 50 20-40 ~~~~~~~O.2~ m
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CERAMIC COMPOSITES

K
A pprox . IC

3,2 Thermal Shock
Porosity (Mat) Resistance

Composition ________ 
lOupsi .1. N .L Quench / Laser

A1203—30 yb BN 4 28 4—4.5 3 20—30 Exc/850 Exc .

A1203—50 yb BN 11 30 2.3 1.3 12—15 Exc/l00 Exc .

A1203—30 yb CSZ 4 3.9 40—50 Poor/200

P~l2O3 3O yb USZ 4 3.9 10—30 Poor/250
Fair/400 Good

B4C—50 yb C +
5 yb A1203 5 20—30 Fair/600

Exc/1000 Exc .

COMPARATIVE THERMAL SHOCK BEHAVIOR

80 
h p S ~ N4 

Si3N4-Si02-57

60 
Si3N4-S102-56

ALUMINA
~7

PYR0CERA M _-7 ,
w 40 B4C-50 C

j
— 7 0 A l 203-3O BN

20 ___  ___  

— :4_ ~~~~~~~~~~ +

Slip Cast S102 ___\

0
0 200 400 600 800 1000 1200

~~T (‘C)

A— HO
1•

H p
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~P OZ~ ThAT~ 2A~~~ R~mflL~
b1e1.e~rie ømisns!M~UV1A1~ _Lm~_ __Jt_~,1 0_QUa

~i~t Ptr~s~ ~‘1Ii~v. 5.S 0.4
P~i’o~efla ~~ 2,4~ S.CS 0.2
~t~N4 (i’fl~~t5~ 1tnceret~ &.e 2~0
Ai2o~ 0.1
tao. pressed ~N E2 Oei
flat prea~~~ ~~1~6~!1~~ ~.5 0.4

_______ _______________ 
(J. ~~~. ft1~1~ J!.) 1!~s~t tÔI~

QONV mfl IQIIAL THIRIAL snoca UIIST*NCI
0~ SADOSII MATUIAIi

*1303 (*1—300) f / f / A

1. I. l1~I~ _ _ _ _ _ _ _ _ _

Pyroc.ras (9606) 
_ _ _ _ _ _ _ _ _ _ _ _ _

Blip Cs.~ Vus.d 
_______________________________1102 -

70 v/s *1303 - ______________________

30 v/o SN

SO v/a £l~O~ - ______________________________
-: 50 ,/s IN

0 100 460 100 Sb isbo 1b(~~

AT~, 
0C

6? T0.psrstssrs fr0. e~1ch ssapl. 1. rapidly
qusacb.d (is M~0) *0 25°C to mass. 10..
$s 5*0151*0 St 25°C.
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C
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4 COMPARATIVE BA IN EROSION RESISTANCE OP RAD0ME~ MATEBI ALS

Material Time to Daaag~ Condition of Samples

Pyrocer am 9606
Forti fied 10 m m .  Limited erosion

Alumina 5 m m .  Limited erosion

70 Al 203— 30 BN 1 mm. 35 sec . Considerable erosion , failure
th roug h de1ammnation/~ra cking

60 A1203 — 40 BN 1 m m .  Cracks formed

50 A 1203 — 50 BN 30 sec . — 1 m m .  Cracks forme d

Slip Cast Fused 40 sec. Cr acks formed
Silica

* Run at Bell Aerospace Division of Textron
Rain Field: 1 in/hr (900 to rain )
1.8—2 mm Avg. drop size
Velocity — 732 ftbsec
20 in. vacuum

Table 1

COMPARISON OF B4C-C COMPOSITES AN D GRAPHITE

Vickers Room Temp.

H Hardness Flexural
Density yap kg/mm 2 Stress

~~~~~~~~~ 
gm/cc KJ/gm (gm load) (1000 psi

B4C-50 v/o C 2.1 50 200 20-30

ATJS 1.8 z 45  12 6-8

A—~
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SOL-GEL PROCESSING1

DRY
SOL (e .g. A1O(OII) SOLUTION ) 

~~.- GEL
FORM

CERAMIC: e.g. A l203 ‘E— PYROLYSIS C

ADVANTAGES :
1) PURE MATERIALS : STARTING MATERIALS CAN BE FILTERED ,DISTILLED , “TEST TUBE ” ENVIRONMENT PREVENTS CONTAMINATION .

2) HIGHLY REACTIV E > LOWER SINTERING TEMPE RATURE S.

3) INSPECTION - TRANSPARENCY .

4) MOLECULA R MIXIN G IN SOL FOR COMPOSITES MIXED COMPOUND S AND
DOPANTS ,

OR
I OR

e . g . :  O R — S i —O—A j~~
OR

5) SOLID-SOL MIXING-COMPOSIT ES

CERA M I CS FR OM POLYMER PYR OLYSIS

SHAPED POLYMER —
~~~
-

~~~ SHAPED CERAMIC

MODEL: GLASSY CA RB ON INITIAL APPLICATION:

— C —  B4C + SiC:
if I IL

I CII CIT3
I I I

— C— II 
— — 

— B 10C2 11 0
— Si — 0 — Si —

I I
cu 3 CU 3

INTERACTIONS : K. WYNN (ONR ), W . FOX AND P. NORDQU IST , NRL
UNIQUENESS: FINE PORE S IZE , UNI QUE MI CROST RUCTUR E , COMPLEX

SHAPES , PROPERTI E S

ADVANTAGES : PURITY , SI IAI ’IN G . LO~V TEM PE RATUR E , FREEDOM FROM
ADDITIVES , IN  S ITU COMPOSITES

APPL ICATIONS : COMPOSITES , FIBERS , ELECTRONIC MATERIALS

- 
. 

CERAMIC COMPOSI TES

Fu ”ure
Promi sing

Needs
1. Property predic t ion of pha ses
2. Understa nding mechanisms
3. Phase da ta
4. Process inq

*
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8. INNOVATIONS IN CERAMI C COMPOSITE FABRICATION
TECHNIQUE S AND ASSOCIATED TECHNOLOG IES*

The application of existing innovations to new fields Is

defined as technology t r ans fe r .  This phenomenon most appropri-
ately character izes  the present s i tuat ion in the f ield of r e in—
forced ceramic composite materials. Expertise from polymer

synthes is  chemis t ry ,  so l id—sta te  physics and mechanics , gas—
dynamics , thermodynamic s, and kinetics are being brought to
bear upon an area once populated only by ceramists .

New developments in reinforc ing agents and matr ice s, when
combined with a variety of processing and fabrication techniques

potentially available , result in an extremely large set of corn—

posite variants. The following discussion attempts to sketch

some of the new mater ials , processes , and possible material
v.~riants.

A. R E I N F O R C I N G A G ENTS

Conventional re inforc ements mos t c ommonly conce ived are
multiple filament , cont inuous fiber bund les including carbon,
metal oxide , nitride and carbide fibers , supera lly and refractory
metal wi res .  Specif ic  examples would inc lude  carbon f ibers  of
polyacrylonitrile, rayon and pitch heritage , a lumn ia fIber ,
boron nitride fibers , silicoc carbide fibers , MAR—M5 (1 wire

and tungsten wire.

°Cont ribu to rs :  E . L .  Paquet te , H.  Herman (who did not attend
the workshop ) and C . F .  Cline (whose mater ia l
was not available for inclusion). 

~~~~ -~~~~-~~~~~~~ - -
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In addit ion to these re inforcements , in situ whiskers,
such as those reported by Hulse ( R e f .  1), and ribbon reinforce-
ments , such as the carbon ribbons developed by Froberg (Ref. 2),
demonstrate the potential for alternative refinforcements whose

properties may be be t te r  suited for a specif ic  application.

Current h igh—performance  polymer compos ites now utilize
blend s of f ibers  including h igh—performance  carbon and such
fibers  as Kevlar or S—glass .  As the level of sophistication

increases in the f ie ld under discussion , similar engineering
or econom ic opti m iza tion may occur , particularly if des t ruc t ive
in te rac t ive  phenomena can be c ontained , if indeed they are present .

The engineer ing possIbi l~ -ties resu l t ing  from th is  approach
are m u l t i p l e , such as increasing the u n i f o r m i t y  of composite
response to chan fr ing  envi ronmenta l  f ac to r s  (t empera tu re , cyc l ica l
or s t a t i c  s t ress , impact  and thermal  s h o c k) .

The heterogeneous nature of the  composi te  allows isotropic
materia s to produce anisotropic composite properties. Geometry—

dependent therma l expansion an d conduc tivity phenemona are fre-
quently observed .

B. M A T R I C E S  AND PR O C E S S E S

Matrices may be consolidated through the use of powders and

solid—state sthtering, gas—solid diffusional reactions , gaseous

infiltration and deposition or liquid impregnation and in situ

pyrolysis.

Current  work by Congdon ( R e f .  3) or’. a pressure slip cast
a lumina/a lumina  c ompos Tte  (Sapphil  f i be r s  and Linde A a lumina
matrix) demonstrates increased KIC for short fibers at 10 to 15
volume percent , despite lowered densities and flexural strength .

Mazdeyasni and West (Ref. LI) will report on liquid Infi].—
tratlon and pyrolysis process research us ing  high molecular
weight s i l i con-conta in ing  organic polymers . S ign i f i can t  im—
provements in properties of porous reaction sintered silicon
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carbide bodies will be reported by them at the September 25—28 ,
1977 meeting of the American Ceramic Society at Hyannis, Massa-
chusetts.

Yaj ima et al .  ( R e f .  5) have reported on the development of
SiC f ibers  from a polycarbosilane precursor ( M . W .~~~12O0) via
pyrolysis  in vacuum . This same class of metal-containing polymer
may be used , as Mazdeyasni and West have done , to f i l l  the
porosi ty  of a porous siritered ceramic body or a low density
composite .

Gaseous matr ix  fabr ica t ion  techniques include physical  and
chemical vapor depos it ion (CVD); p lasma spraying or sputter ing
are also potential deposition techniques applicable to thin

laminates. Chemical vapor deposition has been applied to the

surface  of many monol i th ic  ceramics such as react ion—bonded
Si 3N~ to increase oxida t ion  pro tec t ion . CVD has also been used
to rigidize and densify fibrous preforms .

As in carbon-carbon tecnnology , f ibe r—mat r ix  Interfaces
will  be c r i t i ca l ly  important  in terms of load translat ion,
interface corrosion phenomena between dissimilar materials ,

f a t igue , and crack p ropaga t ion .  The gaseous techniques , in
par t icu la r , are general ly the process vehicle of choice when
diffusion barriers are indicated . In addition , the current
generation of ceramic f ibe rs  Is very abras ion—sens i t ive  due to
the generally anisotrop ic nature of the filament cross sect ion
resulting in the sheath or filament perimeter representing most

of the deve loped fiber strength. Abrasive process ing damage
could be minimized in the first generation of composites by

avoiding powder—based matrix materials.

Riley and Wallace (Ref. 6) will report at the Sixth Inter-
national Chemical Vapor Deposition Conference in October [1977]

on the fabrication of a tantalum carbide—carbon composite formed

by tantalizing graphite fibers via CVD and subsequently hot—
pressing to form a tantalum carbide-matrix—carbon fiber core
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composite. It would be Interesting to speculate on the results

attainable If hot isostatic pressing was applied to this com-

posite or to the pyrolysis of a polycarbosilane—contalning com-

posite.

Economy, Smith , and Lin (Ref. 7) reported fabrication of a
B4C fiber—carbon matrix composite using six micron B14C fibers
and furfuryl alcohol resin—derived carbon matrix with a CVD SIC

coating . The composite demonstrated interlaminar shear strength

of over 7000 psi and had negligible weight change (due to oxi-

dation) when statically held in 1000°C air for over 30 hours.

Replacement of the carbon phase with sIlicon carbide , which has

a nearly I—d-e~tical thermal expansion curve , could lead to a re-
liable oxidation—resistant long—life composite.

In the longer term , more sophisticated ceramic composites

may use several fabrication processes and possibly even dis-

similar’ matrix materials as previously mentioned about blended

reinforcements.

The use of chemical vapor deposition to rigidize a fibrous

ceramic body prior to liquid phase impregnation and pyrolysis

immediately comes to our attention. Other sequences or choices

of materials may offer processing , economic , or applications

incentives.

In an effort to maximize the data obtainable for experimen-

tally fabricated composites and readily •assess their performance

potential , Bird , Newqulst , and Paquette (Ref. 8) will report at
the American Ceramic Society Conference at Hyannis , Massac husett s ,
on predicting properties of ceramic composites using a micro—

mechanics model originally developed for carbon—carbon composites.

While plasma spraying (and more generally, thermal spraying)

are thought of as coating techniques , it Is Indeed possible to

fabricate a free—standing form using this method . The melting

of’ oxides and other refractory ceramics is easily accomplished

in this method , the spraying parameters being readily controllable
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( e . g . ,  gas type and f low rate , power , par t ic le  s i z e ) .  A limita-
t ion which must a lways  be recognized is the inherent porosity
that  wi l l  resul t  from spraying . This , however , can be mitigated
somewhat by spraying in a control led atmosphere or vacuum and
by a jud ic ious  choice  of pa r t i c le  s ize .  This problem of porosi ty
will not easily be made to go away and the best approach may be

to consider pos t—spray ing  s in te r ing ,  pore f i l l ing  or , perhaps ,
laser glazing to seal the surface of the structure . Hot iso—

static pressing may be appropriate for certain high—performance

products having the proper shapes.

For a momen t , let us consider the benefits of plasma spraying .
A wide range of ceramic materIals has been sprayed as coatings .

The major limitation is that the material not decompose below its

melting point . Obviously, most oxides and carbides are sprayable ,

and large numbers of composite coatings have been formed. Some

are self—sealing due to extra heat—of—reaction processes occur-

ring on solidification . The greatest amount of experience has

been obtained with A1203, with an without Zr09, Y203, etc.
There are a large number of potential applications [cathode—ray

tube (CRT) , for example] where both coatings and bulk products
of spray—formed A1203

—Y 203 
could be used. The yttria act as a

class former , giving rise to a glass—ceramic system with Improved

properties. We have found that T102 added to Al 203 
has a similar

effect , but to a lesser degree.

There are too many oxide and carbide systems to consider

here , but it should be noted that under proper control a com-
posite could be formed with a precipitation-strengthened matrix .

Plasma spraying yields highly metastable states , and ex treme
supersaturation with subsequent heating could be used to create ,

for example , spinodal decomposition , ultrafine glass—ceramic , etc.

Powder preparation is a significant issue affecting plasma

spraying, because the melting, transport properties , and solidi—
fication processes depend importantly on particle size . Thus,

one may mix and spray two particle types that differ greatly in

size, and obtain an Interesting composite , Particle size and ,

A— 14 8
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to an ex tent , particle shape must be considered in the larger
context  of control lable  spray parameters.  There are possibi].—
i t ies , also , for decreased expense through the use of natural ly
occurr ing minerals .

4
The mec hanica l propert ies of ceramics that have been formed

by plasma sprayIng have received limited attention. As a facing,

the plasma—sprayed oxide or carbide works well. The pores are

frequently sealed by the plasma torch , but laser glazing could

be used more ef fect ively in a controlled manner . In the free-
standing form , consideration must be made of the occurrence of

microcracking. The literature now contains numerous reports on

this matter , especially as how it affects thermal stress resist—

ance. Microcracking can lead to an increased strain—to—fracture ,

which is what one generaly is attempting to do with ceramics.

Plasma—sprayed bodies , almost by definition , contain a large
number of rnicrocracks. These structures (at least in the coating

form ) are stronger than would be expected . It may be thus that

the improved strength characteristics of an Al 203
—Ar02 plasma—

sprayed coating may be due to process-induced microcracks . The

impact and erosIon resistance of plasma—sprayed free-standing

forms may then be improved by the very presence of the micro—

defects.

There are a number of European organizations currently in—

terested In free—standing bulk forms created by plasma spraying .

Harwell in the United Kingdom is developing these products of

A1203 
and Zr02, and these are claimed t- be of high densi’ y.

FIAT has recently developed an interest in lazer—glazing plasma—

sprayed products , and a member of the staff of’ their research

laboratories indicated that he is interested in applying this

process to free—standing forms also . Aluawiss is. Zurich has

created an entire line of free—standing form , hut no work is

apparent on ceramic—matrix composites formed in thL~ ma:iner.
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In summary, existing processes and technologies adapted or
transferred to the field of ceramic composites can reduce the

development time scale and attendant expense to a fract ion of
the effort expended to date on carbon and boron fiber—derived

composite families.
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9. APPLICATIONS

A. DoD APPLICATIONS FOR CMCs *

Specif ic  appl icat ions  are recommended which have the po-
tent ia l  for making a major  impac t .  At temperatures less than
700°C , recommendations are :

1. Lightweight  armor to defeat  k ine t i c—energy  penetrators
2. Antenna windows
3. Radomes

A possible armor conf igu ra t ion  consis t ing of mul t ip le  layers of
s tee l / ce ramic /g raph i t e—epoxy  is suggested where the ceramic

• layers could be f i b e r — r e i n f or c e d . Improved strength in such
CMC layers could s ig n i f i c a n t l y  improve the performance of the
armor wi th  respect  to ab i l i ty  to f ragmenta te  pro~ ecti 1es while
sustaining minimum overall  armor damage . The development of’
woven and impregnated SiO,, /Si0 2 and BN/BN composites is already
well advanced and on the  way to succes sf~il application in antenna
windows.  This is a good example of the success fu l  reinforcement
of a bulk ceramic mater ia l  to improve mechanica l  strength and
toughness to wi ths tand  modera te  s t ruc tu ra l  load s and temperatures.
Improved radome ma te r i a l s  are needed for ba l l i s t i c  miss i le  in-
terceptors to withstand high—G loadings due to rapid accelera-

tions and maneuvering . Fiber—reinfc~rced glasses are of great

p interest here and some consideration should also be given to
f i be r—re in fo rced  ceramics such as s i l i con  n i tr ide .

Cont r ibu tors :  J . W .  Warr en  and R . T .  Pepper (who was not in
a t t e n d a n c e) .
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A t temperatures greater than 700°C, recommendations are to

concen t ra te  on the h igh—tempera ture  highly stressed turbine
blades and vanes of small engines. Large sums of money have

been expended on the development of ceramics , such as S13N 14 and
SIC , aimed at increasing the operating temperature of turbines
to the 2500°F regime . The available ceramic materials (Si

3N 14
and SiC)  are inadequate on their  own to meet the 2500°F goal.
SIC has good creep s t rength  but low toughness , and Si 3N 14 has
good toughness but  low creep s t reng th .  Composites combining
f ib ers , such as SiC and a SI 3N Li matr ix , may have an excellent
combination of s t r eng th  and toughness and may be a solut ion to
the turb ine  blade and vane problems.

Specific applications such as the above , which have high

payoff potential , should be chosen as a motivation for funda-

mental and applied development programs aimed at demonstrating

the technology of ceramic—matrix composites.

A— 5 2
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USES FOR COMPOSITE CERA MICS

MARKET

- 

- 
APPLICATION PRODUCT TEMPERATURE

HEAT ENGINES 
(ROO0C >SOQ0C

OTTO VALVES
VALV E SEATS
BOCKER ARMS
IA PPETS
PISTON CROWNS
CYLINDER LINER

DIESEL ~RE Cu~PISTON CROWN
CYLINDER LINER
~ONNEC IING HOD (2 CYCLE )
TURBO LHARG ER ROTORS

TURB I NE SHROUD X X
COMBUSTOR X
STATOR VANES X

ROToR X
TRANS ITION X X

SEAL X X

MISC . X X

STIRLIN G HEATER HEAD X X

FOSSIL FUEL/GEOTHERMA L
TURBINE COMPONENTS X X

HEAT EXCHANGERS X

p VAL VES X X

BEAR IN G S X X

SEALS X X

PROCESS EQUIPMENT HEAT EXCHANGERS X
PUMP COMPONENTS X X

HEATING ELEMENTS X
REACTOR VESSELS X X

PROCESS HARDWARE (FIXTuRING ) X

f BEARI NGS X X

VALVES X X

PISTON RINGS X X

SEALS X X

GAS IGN ITERS X

MIsc. X X
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SPECIFIC D.O.D. APPLICATIONS WHERE C.M. C.
MAY MAKE A MAJOR IMPACT

PHILOSOPHY FOR APPLICATIONS >700°C

• INITIAL DEVELOPMENT AND FABRICATION COSTS WILL BE HIGH AND

APPLICATIONS HAVING CRITICAL PROBLEMS WITH HIGH PAYOFF

POTENTIAL SHOULD BE SELECTED FOR TECHNOLOGY DEMONSTRAT ION .

S To MINIMIZE COSTS DEVELOPMENT WORK SHOULD CONCENTRATE

ON RELATIVELY SMA LL ENGINES SUCH AS MAY BE USED ON THE

CRUISE MISSILE .

SPECIFIC D.O.D. APPLICATIONS WHERE C.M .C.
MAY MAKE A MAJOR IMPACI >700°C

HIGH TEMPERATURE HI GHLY STRESSED ROTAT ING PA RTS SUCH AS TURB INE BLADES AND VANES .

PROBLEMS:
SI3N14 HAS GOOD TOUGHNESS BUT INADEQUATE CREEP STRENGTH.

Si C HAS GOOD CREEP STRENGTH BUT INADE QUATE TOUGHNESS.

SOLUTION :
REINFORCE SI3N14 WITH SiC FIBERS.

HIGH-PERFORMANCE C.M .C. MATERIAL S

SYSTEMS ENGINEERING

THE SUCCESS OR FAILURE OF HIGH-P ERFORMANCE COMPOSITE MATERIA LS

IN COMPETITION WITH CONVENTIONAL MATERIALS WILL NOT DEPEND UPON

WHETHER THEIR PROPERTIES ARE SUPERIOR OR THEIR COST LOWER, BUT
ON WHETHER THE FINAL PRODUCT MADE FROM THEM CAN OFFER BETTER
VALUE THAN THAT ACHI EVABLE W ITH THE MATERIALS NOW IN USE ,

A-514
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B. ADDITIONAL DISCUSSIO N OF APPLICATIONS FOR CMCs~
The most immediately obvious application for ceramic com-

posites are as hot section components in advanced heat engines.
As obviou s as this application is , it should not be denigrated

p due to the payoff or return on investment potentially available;
In fac t , some of the re turns  are not immediately obvious.  Helm
of Detroi t  Diesel Al l i son  and Kamo of Cuminins Engine believe
that the maintenance savings due to the el iminat ion of the

• cooling system on ceramic diesels would j u s t i f y  the research
ef for t , i r respect ive  of e f f i c i e n c y  gains . In addition to ce-
ramic turbine components and Stirling—cycle heater—head tubes ,

many other applications exist , including :

• Heat Exchanger Tubes

Particularly demanding application would be t~eramic
heat exchanger for a lightweight- compact closed—
c yc le Brayton system on board naval vessels

• Mechanical Plasma Limiter Plates and First Wall
Yate r ia l s  for  Fusion Reac to r s

• Combustors

MHD hot wall com bus tors
Hot solid fuel  d i spers ion  devices

4 • Hot Gas Valve Components  for MHD Regenera t ive  Air
Preheaters

• Plate  F i l t e r s  for  D i r t y  Combust ion  Gases
• Hot Engine Seals and Submarine Main Shaft  Seals

p Weapons app l i ca t ions  inc lude :

• Nose t ip  and Leading—Edge A p p l i c a t i o n s  for  Hypersonic
Vehicles

• Radomes
p • Armor Pene t ra tors

• Gun Barrel Liners
• Beam Weapon Armor and Ceramic Armor
• Converging/Diverging Nozz les  for Propulsion , Lasers ,

Fluid—Cooled Reent ry  N ose tips
_ _ _ _ _ _ _ _ _ _

Cont r ibu tor :  E .L .  Paquet te .
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Industrial applications inc lude :

• Ceramic Tools for In—Furnace  Assembly Operations ,
Maintenance , e tc .

• Unique Ki ln  Furni ture
• Molten Corrosives Transport  and Containment
• High—Duty  Abras ives , Al l—Ceramic  Tool Bits
• High—Temperature  Fr ic t ion , Wear , and Corrosion

Appl ica t ions
• Orthopedic—Match Modulus of Natural Bone and Provide

Compatible Substrate for Calcium—Rich Glass/Bone
Interface

• Waste Products—- Production of glassy aluminum silicate
f ibers  from coal—der ived  f l y  ash

• Primary Application as an Insulation Material (but
also has p o t e n t i a l  to e l i m i n a t e  a l l— s t o n e  aggregate
so that  a very low—cost  a l l -waste  concrete can be
developed )

• Structural Cement Vessels——including tanks , pipe ,
and castable boat or ship sections

U
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SPECIFIC RETURN ON INVESTMENT: COMMERCIALIZATIONp

DATA :
2000 MWTHERMAL OPEN CYCLE MHD BASELINE PLANT*

P COPPER WATER WALL COOLING FLOWS :

3,377,303 LBS/HR WITH 50.5 RTU/LB ENTHALPY RISE.

CONCLUSION : CoMBusloR COOLING RESULTS IN A 2.5%

TOTAL SYSTEM ENERGY LOSS TO COOLIN G H70.

• Hoi WALL COMBUSTOR OPERATING AT 21400°F RATHER THAN

690°F WILL REDUCE ESTIMATED COOLING LOSS TO 1,3%

OF TOTAL SYSTEM ENERGY INPUT .

THE 1.2% SAVINGS IS EQUIVALENT TO 26,000 TONS OF

COAL PER ANN UM AT 100% OF DESI GN PLAN T LOAD AND

• 80% AVA I LABILITY ,

PRESENT VALUE OF THESE SAV INGS OVER A 30 YEAR SYSTEM
LIFE AT CURRENT PRICES OF $19.36/TON OF COAL IS

$~4,750,O00 PER BASELINE PLANT.

p
•ALL DATA ABSTRACTED FROM PAPER BYW,D . JACKSON, El AL.~
“DEVELOPMENT OF A BASELINE REFERENCE DESIGN FOR AN
OPEN CYCLE MHD POWER PLANT FOR COMMERCIAL SERVICE, ”
15TH SYMPOSIUM, ENGINEERIN G ASPECTS OF MR!), UNIVERSITY
OF PENNSYLVANIA , MAY 214-26, 1976.
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tO. OVERVIE W OF SOVIET CERAMIC COMPOSITE TECHNOLOGY * —

The Soviet Union is a leading country engaged in develop-

ment and processing of engineering ceramic materials. Soviet

interest in ceramic composite materials has avalanched in the

past ten years as evident from the number of publicat ions and
patents. The current emphasis does not appear to be decreasing .

Analysis of their research suggests that the Soviets have an

extensive developmental program under way to synthesize advanced

compos ite materials base d on ceramics (Fig . 1). SynthesIs of
both ceramic whiskers and filaments has been noted In addition

to their Incorporation Into ceramic matrix composites. Such a

program would be based on a wide range of inorganic fibrous

materials with extraordinary properties and on an Increased

understanding of ~he mechanics of brittle matrix materials.

The USSR possesses a well—developed basic technical capability

to ut ilize engineer ing ceramic materials for unique struc tural
applications required by the military : optical and microwave

windows , missile radomes and nose cones, lightweight structural
engineering members , bearings , gas turbine components , and
protective and thermal control coat ings.

At least 19 institutes have been Identified as conducting

research on ceramic matrix and fiber materials (see Fig. 2 and

Table I following the figures). Since the early 1960s, the
Soviets have initiated various R&D programs involving ceramic

fibers/whiskers and ceramic—matrix composite materials (Figs.

3—13). The work has significantly increased since about 1970

p
Contributors : W.J . Bover and C.A. Petschke (who was not in

attendance).
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as judged by a review of their scientific literature . For

example, at least 51 Soviet author certificates have been

publicly released between 1970 and 1976 (Fig. iLl). Before 1970,
ceramic composite work was reported relatively Infrequently .

The Soviets clearly recognize the advantages of strengthen—

ing monolithic materials by combination with fibers. The

primary advantage is the use of the resulting composite at

higher temperatures than the matrix alone (Figs . 15, 16 ) .  Also ,
the Soviets clearly recognize that much work is required If

fiber—reinforced glasses and ceramics are ever to become accept-

able replacements and viable design alternatives to more

conventional metallic materials. The Soviets are also active

in the development of carbon—carbon composites (Fig. 17).

The overall evidence indicates that the Soviets are strong

In theoretical work and weak In practical applications. The

resources allocated to the field of ceramic composites are

impressive , but the overall results have been disappointing ,
at least from the standpoint of developirg new and practical

applications. A significant amount of what the Soviets have

published tends to be repetitive and perhaps can best be

described as derivative rather than original. In other wor ds ,
analysIs suggests that roughly a quarter of their effort
appears to be devoted to reviewing the work of others . Never—
theless , the Soviets are bringing a large amount of resources
to bear on developing ceramic—matrix composite materials. The

precise extent to which they have been able to make these

materials and use them remains unknown . However , no spec ific

~ 
p defense—related connection has been established , yet , for the

Soviet work .

The translation of whisker properties Into composites has
not been successful worldwide , primarily due to fabrication
difficulties such as sorting , alignment or dispersion , and
quality control problems . It is believed that short ceramic
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fibers or whiskers probably would meet Soviet needs of moderate-

strength but low—cost composites for complex shapes . These

materials are not in direct competition with modern filamentary

composites such as those employing boron , silicon carbide , or
graphite fibers. Soviet capability exists for synthesis of

whisker—reinforced ceramic—matrix composites (Figs. 114, 15, 18) ;
however , large—scale production of reliable structural components
to meet design needs is questionable because of general Soviet

deficiencies in fabrication know—how.

In order to effectively apply brittle ceramics as critical

load—bearing components , sophisticated design methods must be

developed. Recent Western work has been exploring the use of

fracture mechanics in evaluating and designing brittle structures.

It has only been in the past few years that the Soviets have

reported on modern fracture mechanics theories of brittle

materials components designed to ~dthstand mechanical and

thermal stresses. Analysis of Soviet publications indicates

that t hey are close ly monitoring Wes tern programs on brit tle
materials design . It Is likely that in recent years the Soviets

have extended their composite fracture mechanics research to

include the study of ceramic composite material.

It is evident that the Soviets are active in the develop—

ment of high—performance ceramic materials (Fig. 19). There

is no indication , however , that the Soviets have advanced out

of the basic or exploratory stages of the development of these

r~aterIa1s.
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F I G U R E  1

SOVIET CERAMIC FIBERS

RECOGNIZE STRENGT CI RETENTION AT H I G H  T E M P E R A T U R E

R&D ACTI V ITY — P OLYC RY STALLI N E FILAMENT

- MULT IPHASE FILAMENT

- MONOCRYSTALS (‘~H IsKERs )

GOALS SET IN 1976-83 FIVE -YEAR PLAN

FIGURE 2

INSTITUTE REINFORCEMENI

WHISKER FIBER

INSTITUTE OF PROBLEn3 I~ flATE RIAL SCIENCE UUL~L I T E  SIC
LRU2

~AYKO V I N S T  OF ~ETA LL IJ RGY — SiC~. AL203

INST OF AVIATION £1ATER IAL S ALN SiC, AL203

VORONEZ H STATE UNIV. SiC .. AL203 —

tloscow CHEM-TE CH hST BEO, MGO, SiC —

ALJI

INST OF CRYSTALLO GRAPHY ALN , Tz02 —

LABORATOR Y OF BASALT FIBERS, XIE V — BASALT

S

I~
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F I G U R E  3

ALL8~I NL ~ OXIDE

SAPPHIRE WHISKERS - EARLY 1960s

ALPHA AL
2
O3 

FILAMENTARY CRYSTALS - 1969

CONTINUOUS M O N OCRYSTALL IN E AL2
03 FILAMENTS IN T I MATRIX — 1972

AL233 FIBER EXTR U SIO 1I PROCESS LESS EXPENSIVE THAN US PROCESS

F I G U R E  4

MIJLLIT E S INGLE CRYSTALS

DEVELOPMENT PRIOR TO 1973

USED W I T 4 METALLIC AND C E R A M I C  M A T R I C E S

FURTHER DEVELOPMENT OP MULL I TE EXPECTED

F I G U R E  5

~ !LIC 0~ C A R R I D E

19614 BETA - SIC WV :SKERS

1968 SURVEY A R T V L E S  IIG SIC F I X E R S

CO PN ’AT IBI~~I r ,  S T UD IE S C~ SIC W I T A  W~ TI~ EP OXY

IF ( O M F A T A F L E  B A R R I X A S  FOR SIC IN METAL M A T R I X

1975 FOR M A T I O N  OF SIC V I  U 1 O S F ~~ .IEA T I ~1G

STI _ IcoN CARP I OF POXIV T ON

PRODUCTION CO T I D T T I O 4 5  Fl OPEN L I T E R A T U R E

T E N S I L E  STREN G T HS 690 MPA US VALUES

SOVIET INTEREST IN PLU SMA FORMAT ION OF M A T R I X  WIT IF SIC FIBER

SOVIET SIC WORK FOL LOWS US LEAD
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F I G U R E  7

ZIRCONIUM DIOXIDE

AC I CULAR ZRO2 MONOCRYSTALS IN ZRO2

INCREASED T~1ERMA L SHOCK RESISTANCE

FIGURE 8

ALUMINUM NITRIDE

1970 ACTIVE WHISKER R&D PROGRAM

1971 USE IN POLYMERIC MATRIX

1973 ESTABLISHMENT OF NE~I PRODUCTION FACILITY

ALN DEVELOPED FOR USE IN COMPOSITES

FIGURE 9

MAGNESIUM OxIDE

R&D SINCE MID-1960S

MGO W H I S K E R S  I N  MGO COMPOSITES IN 1970

OPTIMIZATION OF PRODUCTION TECHNI QUES IN 19714

No SOV IET PATENTS FOR THESE WHISKERS

-1
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FIGURE ~O

l’IINERAL FIBERS

CONSIDERABLE R&D ACTIVITY IN COMPLEX MIXED OXIDE TECHNOLOGY

USE OF SLAG WOOL STAPLE FIBERS IN SOVIET COMPOSITES

BASALT STAPLE FIBER PRODUCTION IN MID- 1960S

SUPERFINE (0.5 jiM) BASALT PRODUCTION TECHNOLOGY IN MID 1970S

BASALT FIBERS USED AS CONSTRUCTION MATERIAL AND REINFORCEMENT

IN PLASTICS

SOVIET CORPORATION FORMED TO TRANSFER TECHNOLOGY FROM R&D
INTO INDUSTRY

FIGURE 11

SYNTHETIC ASBESTOS

EFFORTS BEGAN IN EARLY 1960s

SYNTHESIS OF FLUOROAMPH IBOLE S

POSSIBLE PRODUCTION OF STABL E FIBERS FOR SPINNING , 1972

- 
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FIGURE 12

TYPIcAL REPORTED FIBER PROPERTIES

CERAMIC DENS IIY TENSILE V0ip~~~
1 ç D 1AM ~TER ‘.ENGTH 1)0!

NATE PIAL r,/cr”~ STRENGT H “()flUL (JS )JM MM

GPA GPA

o-AL707 3.9 5,6 LI4~. 3-60 - 1975

#IIILLITF 3.] 1.7 196 0.3-5 0.15-10 1973

Zp0’s ~.56 0,29 - 5-7 0.15-0.25 1974

SiC - 2.0 ‘480 100 FIBER 1073

ALN - 6.9 320 5-10 4-20 1970-74

MGO - 17 - 1-3 30 1976

FIGURE 13

DIFFUSION BARRIERS

SIC, ZIC, tiN, AND Z~N ON CARBON FIBERS FOR AL MATR IX

TIN, ZRC.. AL203, SIO2J AND B~ COAT I NGS ON P~, Mo W I R E

TIN COAT ING ON W FOR USE IN Ni MATRIX

A-65
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FIGURE 14

SOVIET CERTIFICATES PUBLICLY RELEASED BETWEEN 1970-1976

YEAR ISSUED CERTIFICATE No. WHISKER VOL Z WHISKER MATRIX

DEC 1972 3142845 KAOLIN 0,5 - 4 % AL203 AND KAOLIN

OCT 1974 494372 CARBON 15-20 AL~03

AUG 1973 395342 MULL ITE 12-20 AL203 AND Mo

JUL 1973 392050 MULLITE 6-12 MoSt2

JUL 1973 390051 SIC 85-90 SI3N4

AUG 1975 481578 MoO 13-20 ZRO2

MAR 1974 42U599 MULL ITE 10-20 ALN AND lb

F I G U R E  15

MECHAN ICAL PROPERTIES OF CERAMIC COMPOSITES

MATRI X VOL Z OF IMPACT BENDING COMPRESSIVE No OF CYCLES
a AL203 STRENGTH STRENGTH STRENGTH 1200°C TO 20°C

KG ’CM/CM 2 MPA MPA TO FAILURE

1160 0 2.1 80 - 1

MGO 15 6.5 240 - 50

ZRO2 0 3.5 108 800 10

ZRO2 15 7.2 220 1200 50

BN 0 3.4 52 - 5

BN 15 8.5 98 - 30

SI3N4 0 1.2 55 250 21)

Si3N4 15 22.0 310 720 100

A-66
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F I G U R E  16

ZRO2 WHISKERS IN ZRO2

2 ACICULAR % OPEN ULTIMATE BEND IMPACT S~ RENGTH NO. CYCLES IN AIR

ZRO2 WHISKERS POROSITY STRENGTH , I1PA KG .CM/CMh FROM 1300°C TO
200C BEFORE FRACTURE

0 0.9 127 2.4 22

5 1.2 147 ‘4.0 50

10 1.4 166 ‘4.5 100

15 1.8 149 6.0 103

20 3,8 145 5.8 100

FIGURE 17

CARBON/CARBON

1970 - PATENT FOR c/c COMPOSITE

1972 - c/c SUGGESTET) FOR USE UP TO 2000°C

1975 - c/c AVIATION BRAKES

A— 67
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FIGURE 18

MIJLLITE WHI SKERS IN CERAM IC Pt~TRIC1ES

MATRIX VOL 2 COMPRESSION BENDING IMPACT NO.CYCLE S IN MAXIMUM
MATERIAL MULLITE STRENGTH STRENGTH STRENGTH 

~ AIR FROM USABLE
1PA NRA (KG .M) /CM L 1000°C TO TEMP °C

23°C BEFORE
FRACTURE

AL203 ? 1379 284 8.5 150 2000

ZRO2 15 1179 241,6 8,5 150 2000

CR203 ? 637 156.5 21.1 100 1900

1102 274.4 117.0 6.0 50 1900

ALN 20 343.4 99.9 16.0 500 1900

Si 3N4 20 900 - 20.0 400 -

BN ? 678 - £49 746 -

FIG URE 19

SUMMARY

ACTIVE R&D PROGRAM

SOME CERAMIC FIBERS AND WHISK ERS ARE PRODUCED ON COMMERC I AL SCALE

EXTENT OF USE OF CERAMICS IS UNKNOWN

COMPOSITE FABRICAT I ON TECHNOLOGY CAPABILITY IS QUESTIONABLE

SOVIETS APPEAR TO HAVE GENUINE INTEREST IN DEVELOPMENT OF
STRUCTURAL CERAMIC COMPOSIT ES

A— 68
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TABLE I. PERSONALITY /FACILITY LOCATION LIST

Organization and Location Names Field of Study

Institute of the Problems Frantsevich , I.N. Ilullite whiskers in
of Materials Science (IPROMAT) , Listovnichay~s , S.P. oxide matrices.
Kiev Karpinos , D.M. SiC fibers in Ti, Al.

Panasevich , V.N. Barrier coatings.
Panasyuk , A.D. ZrO whiskers.
Tresvyatskii, S.G. Al2~13 platelets.
Zil ’berberg, V.G.
Sarnoylenko , V.C.
Grosheva , V.M.
Gayovoy , T.I.-
Volkogon . L . M .
Vishnevski i , V.B.
Artemov , V .A.
Pavlikov , V.N.
Hikhashchuk , Ye. P.
Fedorenko , V .K.

Institute of ‘-~etallurgy ineni Shorshorov , M . Kh. SiC fibers in Al , Ti.
Baykov , M OSC OT:  Kudinov , V .V . Barrier coatings.

Ant ipov , V.1. A1203 fibers.
Katinova , L. V .

~1oscow State Lni’.orsitv , Sokolovskaya , Ye. N. SIC fiber in Ti.
Moscow Tsukerman , S.A.

Kravchenko , A .T.
Ivanova , V .S.
Botvina , L.R.

All  ~ fl1(~fl Scientific Research Shakov , Yu. A. SiC ,fihers in Ti.
Institute of Aviation Materials Tumanov , A.T. Al. 0 filaments.
(V IA~1), Moscow Portnoy, K.I. Al~ ~his ker s .

Gunvaev , GM. Barrier coatings.
Grihkov , V .N.
Isaykin , A . S .
Bokshtein , S.Z.
Kishkin , S.T.
Silaev , V.A.
Lcvinskii , YTS . V.
Urn an t se v , E.L.
MoldavskiI , \ .~1.
SllchetanOv , I~.V.

B e l ’ mer , P . F .
Zai tsev , C . N .
N~jzaruva , II.P.
Svetlov , LL.
Sorina , T.G.
Sal ibekov , S . E .

j Dvoichenkova , L. V .
Trefilov , B.F .

Titanium In st i tute , M oscow Anohin , V. M. Ti streng thened with
rio2 ,  ZrO~ , carbides ,
n i t r i d e s , su icides.
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Table I .  Cont.

Organization and Location Names Field of Study

State Scientific Research Lyuttsau , V.G. Ti02 coati ngs .Ins titut e of Machine Studies , Stepan ichew , Ye. I.
Moscow

Tomsk University, Tomsk Kashin , O .A. Barrier coatings .
Zoyats , 1.1.
Bakach , C.P.
Bor~ sov , M .D.

Voronezh State University, Drozhzhin , A.I . SiC , Alumina
Voronezh Be likov , A .M . whiskers

Kosilov . A.T .
Belyaev , A.M.
Yeresnev , ILA.
Shulik , B.V.
Yuyukin , K.P.
Grozdev , A.D.
Fostnikov , V.S.
Karelin , B.V.
Moskalenko , A.G.
Petrov . V.N.
Shchetinin , A.A.
Kutakov , K.S.
Postnikov , V.5.
Amrner , S.A.

Moscow Chemical—Technolog ical Vlasov , A.S. Whiskers of BoO , HgO,
Institute imeni D.1~. 1-Iendeleyev , Cavrik , G .G. MoO3, SiC , and A1N.
Moscow Zakharov , Ye. K.

Spirina , T.V.
Metushevskii , A.S.
Timashev , V.V .
Kudryashov , V.V.
Kotlyarova , T.V.
Rasskazova , L.A.
Slinkin , Yu . I.
Pichugin , Ye. F.
Karakanidi , N.G.
Kibardin , R.N.
Ilelkumyan , E.S.
Khozhainov , Yu. It .
Karpenko , A .D .
Budnikov, P.P.
Sand u lov , D .B .

Institute of Casting Problems , Karp inos , D .M . A1
203 

flak e crystals
Kiev M ikhas h chuk , Ye.  P .

Efimov , G.V.
Pavl ikov , V.N . —

Artemov , V .A .
Ef imov , V.A.
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Table I. (Cont.)

Institute of the Problems of Gogotsi , G.A. Structural mechanics.
Strength , Kiev Grushevski i , Ya: L.

Kurashevskii , A .A.
Ar t emov , V . A .
G ashchenko , A. C.
Rudak , l .N.
Strelov , K . K .
Pisarenko , G.S.
Karaulov , A.G.

Scientific Laboratory of Axnbrosivenko, V .V. Basalt fibers.
Basalt Fibers , Kiev llakhova , M.F.

Alekseyev , A.I.
Guzhavin , O.V .
Gorodetskaya , S.V.

Institute of Silicate Chenis— Fedoseev , A.D. Synthetic asbestos.
try irneni I.V . Grebenshchekov , C~rigor ’eva , L.F. Barrier coatin~s.
Lenthgrad Hakarova , T.A.

Korytkova , E.N.
Nesterchuk , N .I.
Krupenikova , Z.V.

Urals Polytechnic Institute Marwkin , P.S. flgO whiskers .
imeni Kirov , Sverdlovsk IZashcheev , 1.D.

Perepelitsyn , V.A.

Institute of Geolos~y and Kalinin , D.V. Synthetic asbestos.
Geophysics (Siberian Branch~ , Lokhova , G.G.
Novosibirsk Deniskina , N.D.

Shurupov , Vu. V .
Shvedenkov , C. Vu.

Institute of Crystallograp hy , Golosova , ~.A. Whiskers of A1N , Ti02,
Moscow Papkov , V .S. A1 203.

Berezhkova , C.V.
Rozhanskiy , V .N.
Zakharov , I.N.
Koryukin , V .1.

Institute of Metallurgy , Tavadze , F.N. SIC whiskers.
Academy of Scfences , Georg ian Kiyancnko , V.V.
SSR , Tbilisi Makovets, S.E.

Surmava , G.M.
Nikolaishvili , A.A.

Institute of A pp lied Fridlender , B.A. TiN whiskers .
Chemistry, Leningrad Neshpor , V .S.

Ermakov , 3.0.
Sokolov , V.V.

Inst i tute  of High Temperature , Samsonov , V .P. SiC whiskers
Moscow Rautbort , A .E.

- Va l’ yano , G.E.
Serebrennikova , V.E.

j Pr okhorova , I.V.
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11. OUTLINE OF NOTES ON WORKSHOP

A. MATERIALS SYSTEMS

For atmospheric temperatures , perhaps up to 300°C , and
-j quite high temperatures in a nonoxidizing environment ,

Oxide/refractor y metal, fib re/ox ide matr ix composite ,
made by directional solidification of eutectic.

Fibres to be kept smaller than the cr it ical flaw
size of the matrix.

Examples: W/Zr02 stabilized with Y2O3. Fibres are

single crystals , 0.2—1.0 pm in diameter.

MoG d2O3 
doped with CeO2, made as above,

crus hed , then hot—pressed . (Strength

1-2 orders of magnitude greater than that

of the oxide alone.) [Chapman , Bradt]

For atmos pher ic temperatures.

Fill porous ceram ic with polymer , for  double or tr ip le
strength.

For temperatures upward of 1400°C.

SiC/Si Milled SIC plus thermosetting plastic ,
- injection—molded , reaction—sintered with

Si provided by SiF4 (or liquid Si?) [Whalen]
[On 14 September 1977, Whalen was asked
about the Veasibillty of adding carbon
in the final stage (to use up the excess
SI) in the manner of the gas-carburizing
of st eel.~. He replied , “We ’re trying that
now .” He thought , however , that because
the SIC/Si body Is “fully dense ,” the
carburizing would be confined to the
surface.]

A—72
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For temperatures to 2500°C, or higher.

C/146 vol pct NbC Hot—pressed at 2850°C or more for

chemical bonding.

C/TaC Graphi te woven cloth p lus Ta from
TaC 14. Makes Isotropic body . [Riley]

Service temperature i s limite d by eutect ic of each
carbide—carbon system .

For temperatures up to 1400°C , perhaps higher.

S1
3
N4/Ta fibres 0.025 Inch Hot—pressed.

30—fold Increase in impact strength

but ox idat ion res istance less than
that of S1

3
N4 . [Brennan]

For temperatures up to about 600°c.

77140 Glass/0.056” Borsic or 0.057 Borslc (Other

glasses might Increase range above
800°C.)

Other re inforcements of some promise:
SIC , Graphite , A1203 

FP( duPont ) [Prewo]

For unspecified temperature (but high).

Graphite/BN reinforcement [Paquette]

General concept for tough CMC : Depends largely upon energy

absorption by:

Toughness of the reinforcing fibre
itself
Pul l—out  of f ibres
Phase transformation

• Line tension (interparticle spacing
must be small with respect to length
of crack.)
Microcracking

F Dispersion strengthening [Rice]
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Other h igh—tempera ture  systems .

A12O3
/30 vol pct BN. Very rough fracture surface

Indicates toughness.

B4C/50 Graphite. Same observation . [Rice]

B. MODES OF FABRICATION

Make fibre—reinforced composite by unidirectional solidi-

fication of eutectic; crush; hot—press. Great improvement in

strength. [Chapman]

Can make either fibrous or lamellar reinforcement by

directional solidification.

Spacing between lamellae or fibres is linearly , but

inversely proportional to the solidification rate.

Crystallography of the oxide matrix is wholly deter—

mined by the oxygen sublattice.

An oxide/oxide composite is best built in s itu~
A strong interfacIa l bond is required for serv ice
above 1000°C. [Bradt]

Make Sic/Si composites (some are already commercial) thus:

Mill the Si(~ to size

Mix with thermosettInr~ p last ic
Injection—mold

Add SI (is it liauld Si or S1F 14?)

React ion—sinter

Shrinkage during carbonIzing of plastic; none

in siliciding .

Leav es ~—10 percent of f’ree ~~~~~~ .

Now trying to add C , finally, to react with

excess SI. [Whalen]

~
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In the hot—pressing of carbide/carbon composites , a chemical
bond is developed only if the temperature is 2850°C or higher .

In new method at LASL:

Woven carbon cloth is supplied Ta from TaCl4.
The Ta coats all fibres. Microstructure proves

the body to be highly Isotropic. [Riley]

In preparation of assembled macrofibre—reinforced CMC , a

planned uneven distribution of the fibres (e.g., more dense in
the core than near the surface of’ a body) is entirely feasible.

Compaction by explosives has had some attention (A1N , BeO ,

S1
3
N4 , Al 203, others) .  [Cline]

Rough treatment during manufacture may greatly strengthen

a ceram ic .

Fhase-transf’ormatlon tougheninr~ may occur in machining

[by compressive stress (perhaps torsional too) applied

by the tool]. For example , partially stabilized Zr02.

Copyrolysis promotes uniformity, strengthening (2—3 orders

of’ magnitude) of glassy carbon .

Sal/Gel methods produce homogeneous composites of ZrO2 in

Al 203. (But sometime s a bit of heterogeneity Is desirable.) [Rice]

C. INNOVATIONS

Roy Rice thinks to splat—cool ceramic eutectics to achieve

uniform rnicrostructure , then to collect the material and process

It in conventional modes.

Carl Cline sees advantage in alloy development for metallic

fibres , thinking especially of alloys of W , of Be.

Cline expects value in oriented microstructures. He fore—
sees t hat they could really be built in A l203.

Cline thinks that we should develop the potential of’ high

pressures in ceramic processing .
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Paquette reported that ribbons of graphite have been made ,
only about 2x10 4 

inch thick.

Paquette cited progress In pressure slip casting of A12O3
/

Al 203 by Condon and Lewis at Alfred University (maybe that Is
the way to make radomes).

(
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P 12. LIST OF WORKSHOP ATTENDEES

Arden L. Bement, Jr. DARPA
William J. Bover Army Foreign Science & Technology Center

Richard C. Bradt Penn State University

John J. Brennan United Technology Research Center

A.T. Chapman Georgia Tech
Carl F. Cline Lawrence Livermore Laboratory

P H.M. (George) Davis Consultant , IDA
Winston Duckworth Battelle Col umbus Laboratories

Herbert Herman (not present) SUNY-Stony Brook
John E. Hove institute for Defense Ana lyses
Robert A. Lad NASA-Lewis Research Center

Edward L. Paquette Atla ntic Research Corp .

Roger T. Pepper (not present) Fiber Materials , Inc.
Karl M. Prewo United Technol ogy Research Center I -

Roy W. Rice Naval Research Laboratory

Robert E. Riley Los Alamos Scientific Laboratory

James W. Warren Warren Associates
Thomas J. Whalen Ford Motor Company

P
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APPENDIX B

RESPONDENTS TO IDA SURVEY

Iqba l Ahmad Benet Weapons Labs-Watervillet Arsenal
Richard Alliegro Norton Company
R.L. Ashbrook NASA-Lewis Research Center

A .N. Baker Lockheed-California Company
Robert Beasley Lockheed Mi ssi les and Space Company
Warren Beck 3M Company
Charles F. Bersch Naval Air Systems ConiTiand
Jean Bl achere University of Pittsburgh
Seymour Bortz l IT Research Instit ute
S.W. Bradstreet Consultant
Richard Bradt Pennsylvania State University
John Brennan United Technologies Research Center
Sherman Brown University of Illinois
J.E. Burke General Electric Company

Harry W. Carpenter Rocketdyne
A .C.D. Chaklader The University of British Columbia
A.T. Chapman Georgia Institute of Technology
Gordon P.K. Chu GTE Sylvania Incorporated
Carl Cl i ne Lawrence Li vermore Laboratory
Thomas Courtney Michigan Technological University
Ivan Cutter University of Utah

Keith Davidson University of California
R.C. DeVries Genera l Electric R&D Center
Arthur Diness Office of Naval Research
Robert Doremus Renssel aer Polytechn ic Institute
Winston Duckworth Battelle Colum bus Laboratories
Jules Duga Battel le Colum bus Laboratories
Sunl i Dutta NASA-Lewi s Research Center
Pol Duwez Cal i fornia Institute of Technology
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Morris Fine Northwestern University

Henry Graham AFML/LLM Wright-Patterson Air Force

Yoshiro Harada lIT Research Institute

Herbert Herman State Univers ity of New York-Stony Brook

William Hillig General Electric R&D Center

Jerome Krochmal Wright-Patterson Air Force Base

Henry P. Ki rchner Ceramic Finishing Company

David Kupperman Argonne National Laboratory

Charles Lynch Wright-Patterson Air Force Base

Irv ing Machu n Nava l Air Systems Command

Norman Macmillan Pennsylvania State University

James McCauley Army Materials & Mechanics Research -Center

Thomas McGee Iowa State University

A .F. McLean Ford Motor Company
Mel Mendelson Pratt & Whitney Aircraft Group

John Milewskl Exxon Research & Engineering Company

P.E.D. Morgan University of Pittsburgh

James Mueller University of Washington

Fred Ordway Artech Corporation

Edward Paquette Atlantic Research Corporation
Roger Pepper Fiber Materials , Inc.

Bert Phillips LeMont Scientific , Inc.
S.R. Pollack Univers i ty of Pennsylvania
Karl Prewo United Technologies Research Center

R.W. Rice Naval Research Laboratory
M.H. R lchma n Brown Universit y
Ralston Russe l l Ohio State University

Hrosh l Sate Purdue University
Alan Searcy University of Califo rnia

A .C .  Slefert Owens-Cornin g Fiberglas Corporation

— 
George Sines University of California



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Wi ll iam Smothers Beth lehem Steel Corporation
Harold 1. Smyth Rutgers University

M.A. Steinberg Lockheed Aircraft Corporation
Stephen D. Stoddard University of California

Norman M. Tallan Wright-Patterson Air Force Base

James Tinklepaugh New York State College-Alfred University

Minorn Tomozawa Rensselaer Polytechni c Institute
Richard Tressler Pennsylvania State University

Joseph Uher Pemco Products Group
Stephen Urban Trans technova ti ons , Inc .

E.C. VanReuth Defense Advanced Research Projects Agency

Dennis J. Vi echni cki Army Materials & Mechanics Research Center

John Wachtman National Bureau of Standards

Franklin F.Y. Wang State University of New York-Stony Brook

James Warren Warren Associates

Thomas Whalen Ford Motor Company
Gerald Wirtz University of Illinois
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APPENDIX C

TECHNICAL SU RVEY OUEST IONNA IRE
ON CERAMIC-MAT RIX COMPOSITES
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S C I E N C E  A N D  T E C H NO L O G Y  DIVISION
400 Army-Navy Drive , Arlington. Virginia 22202 • Telephone (703) 558-1000

~NSTITITTE FOR
DEI~ENSE ANALYSES

Dear C o l l e a g u e :

As part  of conduct in g an on-going study of the technological
programs of the Department of Defense i n v o l v i n g  ma te r i a l s  and
s t ruc tu res  (a study be ing done by IDA for the O f f i ce  of the
Director of Defense Research and Engineering), we are explor i ng
the potential of advanced Ceramic-Matrix Composites for structural
use. Our aims are (1) to identify possible advanta geous appl i -

ca ti ons , (2) to evaluate the current state of underlying tech-
nology , and (3) to establish guidelines for any future activit y

of the DoD in this field. For the moment , the meaning of
“Ceramic -Ma trix Composites ” may be broadly interpreted , the two
res trictions being that the concept excludes assembled macro —
structures and that carbon-carbon composites, per se, wi ll not
be cons idered.

You r opi n i ons an d comments are earnes tly sol i cit ed , and
w ill be gratefully received. As an indication of the sort of
informa ti on des i red , a brief questionn aire of simple format is

enclosed , bu t you should feel free to organize your reply In
another fashion If you prefer.

Like all who are asked to participate in this survey ,
you have been selected on the basis of your experience and
professional standing. Your response to the enclosed questions
therefore constitutes a valuable contribution to the planning
of future DoD technolog y base programs involving such composites.

-
, If at all possible , a reply within two weeks would be

highly desirable.

Sincerely ,

L1~ohn E. Hove

H.M. (Geor ge) Dav i s

~
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IDA SURVEY ON CERAMIC -MATRIX COMPOSITES

Name

Mai l i ng  Add ress ____________________________________________

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Zip

_ _ _ _ _ _ _ _ _

Bus i ness Tele ph one ______________________Area Code__________

Bac kground (approx yrs .) R&D Manu facture Use

—in Ceram ics
—in Composites — — —

—in Cera mic -Matrix
Com pos it es 

— — —

1 . Do you know of , or can you conce i ve , structural func ti ons
In wh ich  Ce ram ic -Ma t r i x  Compos i tes  m ight prov ide super ior
s e r v i c e ?  Yes No

If you answered “ yes ” , w i l l  you p l ease  c i te  ex a m p l e s ?
Any discussion you care to add would be welcome .

I

-1-
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P

2. In your j udgement, Is the development 0f useful s t ructura l
Ceramic- Matr ix  Composites

a ) feas ib le
b) a diff iculFpossibility 

—, or
c) probably impo ss ib le  _?

P

3. Given the problem of (2), sug gest systems that you consider
wor thy of Investigation toward the devel opment of structural
Ceram ic-Matr ix  Composi tes .  P lease d iscuss  br ief ly .

I

4. Oth er commen ts or su gg es ti ons.

p
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